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computer  simulation  calculations  has  also  been  shown  to  be  a  helpful  adjunct  to  the 
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SUMMARY 


This  study  was  aimed  at  achieving  a  better  understanding 

of  the  defects  in  d-quartz  crystals  that  affect  their  frequency 

stability.  The  principal  techniques  used  were  electrical 

conductivity  and  dielectric  loss  measurements,  both  of  which 

are  largely  controlled  by  alkalis  present  to  compensate  for 

St- 

substitutional  A1  ,  In  order  to  deal  with  just  one  alkali 
species  at  a  time,  samples  studied  were  swept  with  either  Li^ 
or  Na^, 


The  results  involve  considerable  information  about  Al-Na 
and  Al-Li  bound  pairs  in  the  crystal,  about  alkalis  freed  from 
these  pairs  that  give  rise  to  the  conductivity,  and  about  the 
defects  (which  include  electrons  and  holes)  produced  by  X-ray 
irradiation  of  these  crystals.  The  Al-Na  pairs  can  exist  in 
two  configurations  (oi  and  with  the  Na  on  opposite  sides  of 
the  AlO^  tetrahedron,  off  the  Cg  symmetry  axis.  In  Al-Li, 
however,  the  Li^  sits  on  the  Cg  axis.  The  alkalis  freed  at 
high  temperature  give  rise  to  the  conductivity  and  involve  a 
higher  activation  energy  for  Li  than  for  Na  .  Finally,  upon 
irradiation,  liberated  alkalis  form  new  centers  which  produce  a 
striking  low-temperature  dielectric  loss  peak.  The  use  of 
computer  simulation  calculations  has  also  been  shown  to  be  a 
helpful  adjunct  to  the  electrical  measurements. 


I.  INTRODUCTION 


In  attanptijTg  to  understand  the  various  point  defects  in  a-quartz 
crystals  \diich  affect  their  frequency  stability,  we  have  anphasized  the 
use  of  electrical  techniques:  electrical  conductivity  measurcKient 

3+ 

and  dielectric  relaxation.  The  most  inportant  incur ity  appears  to  be  A1 

4+  3+ 

substituting  for  Si  .  Because  of  the  difference  in  ionic  charge,  each  A1 

is  ccrpensated  by  the  presence  of  either  an  interstitial  alkali  ion,  Na^  or 
Li^,  or  a  proton  which  together  with  an  oxygen  ion  forms  an  C«”  bond.  In 
order  to  avoid,  as  nuch  as  possible,  the  ocmplexity  of  having  more  than  one  of 
these  three  cotpensating  ions  present  in  the  crystal,  this  work  has  focused 
on  studying  samples  that  have  been  electrodif fused,  or  "swept",  with  either  Na^, 
Li^,  or  H^.  In  addition,  most  of  the  work  has  been  done  on  samples  that  had 
been  characterized  by  other  techniques  such  as  infrcured  (IR)  measurements 
(viiicl  detect  various  OH*  configurations),  interned  friction  (  which  detects 
Al-Na  and  other  defects)  and  electron  spin  resonance  (ESR)  (which  detects  Al-hole 
centers  after  irradiation) .  These  other  techniques  have  been  utilized  at  the 
Rone  Air  Development  Center  (Hansocm  AFB)  and  at  Oklahctna  State  University. 
Accordingly,  many  of  the  samples  studied  at  Columbia  were  interchanged  with 
these  tvo  groups  in  order  to  achieve  the  most  ccnplete  cdiaracterizaticai  possible. 
With  such  collaborations,  we  have  been  able  to  shew  that  the  electrical  tech¬ 
niques  yield  ccxisiderable  additioned  information  that  ocnplixnents  the  other 
techniques. 


II.  REVIEW  OF  RESULTS 

The  work  under  this  contract  has  resulted  in  several  posers  vAiich  are 
listed  on  page  8  of  this  report.  The  present  review  will  merely  sunmarize 
the  principal  results  and  conclusions,  and  referring  to  the  specific  papers 
for  details.  The  work  naturedly  divides  itself  up  into  that  <xx  dielectric 
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relaxation  versus  that  on  conductivity,  and  also  of  work  on  unirradiated  crystals 
versus  that  on  irradiated  crystals.  The  subsections  of  this  report  are  labeled 
accordingly. 


A.  Dielectric  Relaxation  of  Unirxadiated  Crystals 
(Papers  1,  2  and  5) 

A  detailed  study  was  made  of  the  tsro  loss  peaks  that  are  caused  by  the 
Al-Na  defect.  These  peaks,  known  as  the  a  and  8  peaks,  occur  at  30  K  and 
75.4  K,  respectively,  for  a  frequency  of  1  kHz.  They  are  very  sharp  peaks 
(almost  perfect  Debye  relaxations)  and  are  shown  to  correspond  to  two  inequivalent 
u  and  6  configurations  v^ereby  the  Na^  sits  on  opposite  sides  of  the  AlO^  distorted 
tetrahedron. 

Precise  values  of  the  activation  energies  (50  and  127  meV,  respectively) 
and  the  frequency  factors  for  the  two  peaks  were  obtained.  In  addition,  it 
was  conclusively  demonstrated  (see  Paper  5)  that  the  u  and  B  configurations  are 
not  in  equilibrium  below  room  temperature,  shewing  that  a  high  activaticai  enejrgy 
is  involved  for  the  Na^  to  pass  across  the  tetrahedron  fran  a  to  3  or  from  8  to  a  . 

The  two  peaks  were  calibrated  in  terms  of  the  absolute  concentrations  of 
Al-Na  in  both  the  a  and  8  cemfigurations,  so  that  henceforth  these  peaks  cam 
be  used  to  quantitatively  determine  these  defect  ccsicentrations. 

In  the  case  of  Li^  sweprt:  samples,  no  peaks  were  found  (to  a  good  precision) . 

It  is  thus  possible  to  conclude  that  for  Al-Li,  the  Li"*^  ion  sits  on  the  2-fold 
symnetry  axis  of  the  AlO^  tetrahedron,  unlike  the  Al-Na  case. 

Preliminary  relaxation  ejqjeriments  were  carried  out  on  an  amethyst  crystal 
3+ 

(containing  Fe  ) .  A  new  relaxation  pieak  in  this  crystal  was  found  near  lOOK 
(for  1  kHz) .  It  is  close  to  a  Debye  peak  and  hets  an  activation  energy  of  0.19  eV. 
It  is  reaisonable  to  associate  this  p)eak  with  the  presence  of  irrai,  but  to  deter¬ 
mine  just  hew  the  alkali  is  related  requires  further  study. 


B.  Conductivitv  of  Uhirradiated  Crvstals 


(Papers  1  and  3) 


It  has  been  known  for  sane  time  that  electrical  conduction  in  unirradiated 
quartz  is  ionic  in  nature  and  takes  place  by  migration  of  alkali  ions  under  the 
applied  electric  field. 

A  viiole  series  of  mecisuranents  were  made  on  various  crystals:  natural 
and  cultured;  high,  medium  and  low  aluminum;  Li-swept  and  Na-swept,  It  was 
shown  that  the  activation  energy  is  sanev\^t  hi^er  for  Li-swept  than  for  Na- 
swept  sanples  (by  about  0.06eV)  showing  that  the  association  energy  of  the 
Al-Li  pair  is  higher  than  that  of  the  Al-Na  pair.  Very  low  ('^^  2  orders  of 
magnitude  lower)  conductivities  were  found  for  H-swept  and  ultra-high  purity 
(General  Electric,  UK)  crystals.  Yet  both  of  these  latter  crystals  showed 
the  activation  energy  (1.42  eV)  characteristic  of  Li  conduction,  indicatixig 
that  corvluction  was  still  taking  place  by  migration  of  residual  Li^. 

The  failure  of  the  conductivity  to  veury  monotonically  with  the  alkali 
content,  as  well  as  detailed  analysis  of  the  magnitude  of  the  pre-exponentials 
of  the  conductivity,  svpport  a  model  (advanced  by  Jain  and  Ncwick)  in  vAiich  sane 
of  the  Al^^  present  is  coipensated  lay  defects  other  than  or  (possibly 
oxygen- ion  vacancies) .  Only  in  terms  of  such  a  model  can  the  conductivity 
be  interpreted  quantitatively. 


C.  Cotputer  Simulaticai  Calculations 

Recently  we  have  begun  a  joint  program  with  Dr.  C.R.A.  Catlcw  of  Uhiversity 
College  London  (UK)  to  carry  out  ocmputer  simulated  defect  calculations  for 
«-quartz  crystals  (with  support  fron  a  NATO  travel  grant) .  Ihese  methods  have 
previotasly  been  applied  with  great  success  to  the  stucty  of  Vcurious  halides  and 
oxides  v4x>se  bonding  is  leurgely  ionic.  In  the  case  of  qucurtz,  vdiere  bonding  is 


partially  covalent,  it  has  been  necessary  to  introduce  three-body,  angle 
dependent,  terms.  Preliminary  calculations  have  been  carried  out  showing  that; 

a)  the  Li^  in  Al-Li  sits  on  the  2-fold  synmetry  axis,  vAiile  Na^  in  Al-Na 
is  off  the  axis  in  two  inequivalent  positions  (  a  and  g)  on  opposite  sides 
of  the  AlO^  tetrahedron; 

b)  the  a->-6  and  B->-a  jirps  for  Al-Na  involve  a  high  activation  energy 
('v  1.4  eV) ; 

c)  the  association  energy  for  Al-Li  is  considerably  higher  than  that 

for  Al-Na,  so  that  the  net  activation  energy  for  conductivity  of  Na-swept 
sanples  is  lower  than  that  for  Li- swept. 

All  of  these  results  of  the  calculations  agree  very  well  with  the  experi¬ 
mental  results  quoted  earlier. 


D.  Dielectric  Relaxation  of  Irradiated  Crystals 
(Papers  1,  2  and  4) 

Irradiation  was  carried  out  using  X-rays  from  a  tungsten  target  tube  run 

6 

at  40  kV  and  20  mA.  Doses  were  in  the  vicinity  of  2  x  10  rads. 

In  Na  swept  sanples,  roan  tenperature  irradiation  greatly  lowers  or  elimin¬ 
ates  the  Al-Na  peaks  and  replaces  them  with  a  very  low  totperature  peak  (near 
9  K)  which  we  will  henceforth  call  the  "irradiation  peak".  A  similar  irradiation 
peak  is  also  observed  in  Li-swept  sanples  but  it  does  not  occur  at  exactly  the 
same  temperatxare  as  in  the  Na-swept  sample.  Further,  the  irradiation  pea]cs  in 
a  natural  crystal  (both  Na  and  Li  swept)  occur  at  higher  tatperatures  than  do 
those  in  the  cultured  (Toyo)  crystal  studied.  Hie  annealing  behavior  of  the 
irradiation  peak  is  also  different  for  Li-swept  and  Na-sw^t  sanples  (see  paper  2) . 

Hie  irradiation  peaks  show  considerable  distortion  f ran  the  usual  behavior, 
on  1/T  plots.  Detailed  study  has  shown  thiitthis  is  due  to  quantum  effects, 
particularly  below  6  K,  such  that  the  relaxation  time  no  longer  follcws 


Arrhenius  behavior  but  instead  goes  as  1/T.  The  latter  behavior  is  characteristic 
of  quantum  mechanical  phonon-assisted  tunneling. 


It  has  been  concluded  that  the  irradiation  peaks  may  be  due  to  alkalis 
that  are  freed  fran  Al-M  defects  and  have  captured  electrons.  On  the  other 
hand  they  may  be  due  to  Al-hole  centers,  but  because  of  differences  in  the  peak 
for  different  samples  (Li  vs.  Na,  natural  vs.  cultured)  the  peak  would  then 
have  to  be  regarded  as  an  Al-hole  center  perturbed  by  the  presence  of  other  defects. 
Further  investigations  now  under  way  are  aimed  at  resolving  the  question  of 
the  origin  of  the  irradiation  peak.  In  any  case,  the  quantum  behavior  and  the  very 
low  peak  temperature  suggests  that  the  jvaiping  entity  is  the  electronic  caiponent 
(electron  or  hole)  of  the  defect  involved. 

E.  Conductivity  of  Irradiated  Crystals 
(Paper  3) 

In  one  set  of  experiments  samples  were  irradiated  below  roan  tenperature 

(between  150  and  250  K)  cind  conductivity  measured  in  situ  as  a  function  of 
tenperature  iimiediately  thereafter.  The  conductivity  at  these  low  taiperatures 

is  enhanced  by  the  irradiation  (relative  to  the  unirradiated)  by  a  factor  as 

high  as  10^^,  a  truly  spectacular  effect!  Tlie  conductivity  imnediately  following 

irradiation  repeatedly  shows  a  unique  activation  energy  of  0.29  ±  0.01  eV. 

As  the  tenperature  is  raised  the  conductivity  continues  to  anneal. 

Irradiation  above  200  K  is  expected  to  free  alkalis  which  should  then 
contribute  to  the  enhanced  conductivity.  Hcwever,  150  K  irradiation  produces  a 
higher  conductivity  than  210  K  irradiation,  although  aUcalis  have  been  shewn 
(in  work  at  Oklahcroa  State)  not  to  be  freed  at  150  K. 

The  ranaining  conductivity  ejperiments  were  carried  out  by  irradiating  at 
roan  tenperature  and  making  measurements  at  higher  taiperatures.  In  this  study, 
a  surprising  cross-over  effect  was  found,  in  \diich  the  conductivity  anneals  to 


values  below  that  of  the  unirradiated  sample  and  then  (above  500  K)  anneals 
upward. 

The  totality  of  evidence  from  both  sets  of  conductivity  experiments,  both 
belcw  and  above  noon  temperature,  favors  not  alkalis  but  free  holes  (polarons) 
as  carriers  iimiediately  after  irradiation.  The  cross  over  is  then  due  to  the 
annealing  out  of  the  holes  and  the  restoration  of  alkali-controlled  conduction. 

The  unique  activation  energy  of  0.29  eV  is  then  attributed  to  polaron  hole  migration. 
Evidence  in  the  literature  from  photoelectron  spectroscopy  studies  sean[is  to 
support  these  ideas,  but  further  work  is  still  required  to  firmly  establish  the 
defect  mechanism. 

III.  GCNCLUSIONS 

The  study  of  electrical  properties,  specifically  conductivity  and  dielectric 
loss,  both  before  and  after  irradiation,  has  been  shown  to  provide  powerful 
tecJiniques  for  evaluating  the  nature  and  properties  of  defer*:  s  in  a-quartz 
crystals.  This  is  especially  true  when  swept  crystals  are  studied  and  when  the 
electrical  measurortents  are  complimented  by  other  techniques,  e.g.  IR,  ESR  and 
internal  friction. 

CXir  studies  have  produced  detailed  information  about  the  structure  and 
properties  of  Al-Na  and  Al-Li  defects,  and  about  the  effects  of  irradiation  in 
generating  different  defects  involving  electrons  and  holes.  The  use  of  computer 
simulation  calculations  has  also  been  shown  to  be  useful  in  understanding  these 
defects . 

Continued  use  of  both  the  electrical  roeasuranents  and  oomputer  simulation 
in  conjunction  with  other  experimental  techniques  premises  to  reveal  considerably 
more  information  about  defects  in  quairtz  and  the  manner  in  which  they  are  altered 
by  irradiation. 
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Abstract — Dielectric  relaxation  techniques  were  used  in  order  to  better  understand  the  behavior  of  defects 
that  affect  the  frequency  stability  of  n^quartz  crystals.  Crystals  were  studied  that  have  been  swept  (electro- 
diffused)  either  with  Na*  or  with  Li*.  1  he  Na-swept  samples  showed  two  well-known  loss  peaks  (called  n 
and  d)  due  to  the  Al-Na  pair,  corresponding  to  the  Na*  ion.  respectively,  in  nn  and  nnn  interstitial  sites 
abtvut  a  substitutional  Al’*  ion.  Precise  activation  energies  and  precxponcntials  were  obtained  by  comparison 
with  analogous  anelastic  loss  peaks.  It  was  also  found  that  the  ii:fi  equilibrium  is  frozen-in  below  .100  K  and 
can  be  varied.  b>  heat  treatment.  Values  of  the  components  of  the  dipole  moment  of  the  o  and  H  pairs  were 
determined,  and  absolute  calibrations  obtained  for  the  two  peaks  In  the  case  of  the  l.i-swept  samples, 
however,  there  were  no  peaks  present,  from  which  it  was  concluded  that  for  the  Al  I  i  pair  the  I  i'  ion  sits 
on  the  twofold  symmetry  axis  of  the  AIO4  tetrahedron 

Kevmirds  dielectric  relaxation,  n-quartz.  electrodiffusion,  dielectric  loss,  point  defci  ls 


1.  INTRODtmON 

Crystalline  quartz  has  become  the  foremost  material 
tn  ultrasonic  devices  and  precision  frequency  standards. 
.Most  high-stability  oscillators  use  quartz  crystals  as  a 
frequency  standard  and  often  there  are  very  severe  de¬ 
mands  made  on  their  frequency  stability.  As  a  result 
of  such  applications  there  has  been  a  renewed  interest 
in  fundamental  studies  of  quartz,  and  in  particular, 
in  the  nature  and  behavior  of  point  defects  that  arc 
present. 

Perhaps  the  most  important  defects  in  quartz,  involve 
an  Al’*  impurity  substituting  for  Si^*.  Since  the  Al  has 
a  lower  valence  than  Si.  an  additional  defect  is  required 
for  charge  compensation.  This  is  usually  provided  by 
an  interstitial  alkali  ion  (mainly  Na*  and  Li*)  or  by 
H  * .  The  alkali  becomes  bound  to  the  Al  by  coulombic 
attraction  to  form  an  Al-M*  pair,  while  H*  forms  an 
OH  bond  near  the  Al,  The  presence  of  the  AI-OH 
defect  is  detectable  by  infrared  measurements  11-31. 
The  study  of  alkalis  in  quartz  is  particularly  important, 
since  frequency  drifts  under  irradiation  have  been 
shown  to  be  related  to  their  presence  [3-6]. 

Ihe  pioneering  work  of  Stcvels  and  Volger  (7j  re¬ 
vealed  a  pair  of  dielectric  loss  peaks  at  low  temperatures 
that  could  be  attributed  to  the  Al-Na  defect.  These 
peaks,  appearing  at  38  and  95  K  fora  frequency  of  32 
kHz,  have  been  termed  the  a  and  d  peaks,  respectively, 
FX’tailcd  analy.scs  of  these  peaks  in  terms  of  the  general 
theory  of  relaxation  phenomena  [8]  was  given  by 
Nowick  and  Stanley  [9]  and  further  measurements  and 
analysis  were  reported  by  Park  and  Nowick  [10].  A 
related  pair  of  anelastic  peaks  has  also  been  oliscrvcd 
in  A I  cut  resonators  oscillating  at  5  MHz  [I  I.  12).  All 
of  these  results  support  a  model  in  which  a  Na'  ion 
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resides  about  the  AIO4  tetrahedron  in  one  ivf  two  ine- 
quivalcnt  pvisilions;  «  (nn  position)  and  (i  (nnn  posi¬ 
tion).  Because  the  tetrahedron  is  distorted,  its  only 
symmetry  is  a  twofold  rotation  axis  (f..).  as  shown  in 
Hg.  I .  ('onsequently,  there  exists  on  each  tetrahedron 
two  equivalent  «  and  two  d  sites,  and  Ihe  relaxation 
proces,scs  involve  reoricnlatioiv  among  these  conlig- 
uration.s. 

•Sievels  and  Volger  |7)  also  reported  a  loss  peak  at 
60  K  which  they  attributed  to  the  Al-Li  defect,  and 
Fraser  [11!  reported  an  anelastic  peak  attributed  to  Li. 

In  all  of  this  earlier  work  there  was  no  control  by 
the  investigator  of  the  type  ofalkali  present  in  the  crys¬ 
tal.  A  method  calletl  eleclrodilfusion  or  “sweeping" 
had  been  introduced  1 1 , 4,  11).  however,  making  pos¬ 
sible  the  substitution  of  one  alkali  for  another,  by  ap¬ 
plying  an  electric  field  parallel  to  the  r’-axis  of  the  crys¬ 
tal  at  an  elevated  temperature  (~~500°C).  A  salt  con¬ 
taining  Ihe  desired  alkali  is  placed  at  the  sample-anode 
interface  prior  to  the  electrolysis.  This  technique  has 
recently  been  refined  by  Martin  (12J,  and  utilized  in 
the  present  work  to  produce  samples  in  which  virtually 
all  of  the  Al’*  is  compensated  cither  by  Na*  or  by  Li* 
(called  “Na-swept”  and  “Li-swept”  samples,  respec¬ 
tively).  In  this  way.  the  complexity  of  having  btith  al¬ 
kalis  present  at  the  same  time  can  be  avoided. 

In  this  paper  we  report  on  a  study,  by  dielectric  re¬ 
laxation  mejisurements,  of  both  Na-swept  and  Li-swept 
quartz  crystals.  The  work  on  the  Na-swepi  samples 
leads  to  a  more  detailed  understanding  of  Ihe  Al-Na 
defect  than  had  hitherto  been  achieved.  The  study  of 
Li-swept  samples  was  aimed  at  determining  whether 
or  nut  there  are  analogous  loss  peaks  attributable  to 
the  Al-l.i  defect. 


2.  THKORY 


Dielectric  loss  can  arise  from  defects  which  have  a 
lower  point  symmetry  than  that  of  the  crystal  in  which 
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Fig.  I .  Schematic  diagram  showing  part  of  the  unit  ceil  of  a- 
quartr  containing  an  AIO4  tetrahedron  with  AI’*  substituted 
for  Si*‘.  This  distorted  tetrahedron  contains  a  single  twofold 
symmetry  axis  (in  the  x  direction),  designated  C2. 


they  reside  [S).  Such  defects  possess  several  crystallo- 
graphieally  equivalent  orientations,  among  which  they 
may  reorient  preferentially  in  the  presence  of  an  electric 
held.  If  the  electric  field  is  sinusoidal  with  angular  fre¬ 
quency  (ii.  one  or  more  peaks  will  usually  occur  in  the 
dielectric  loss,  tan  h.  which  obey  the  well-known  Debye 
equation: 


tan  h 


ftt  HIT 

I  +  tai^r^  ' 


(I) 


where  < ,  is  the  dielectric  constant  observed  at  high 
frequencies,  ht  is  called  the  relaxation  of  the  dielectric 
constant  and  r  is  the  relaxation  time  given  by 

r  '  =  i.oexp(-Af/kr).  (2) 


Here  H  is  the  enthalpy  of  activation,  k  T  has  its  usual 
meaning,  and  ii,,  is  the  effective  frequency  factor,  which 
includes  a  term  containing  (he  entropy  of  activation. 

In  <r-quariz.  which  has  trigonal  symmetry,  the  high¬ 
est  site  symmetry  is  that  of  the  Si**  ion.  This  site  is 
monoclinie  and  involves  a  two-fold  (Cy)  axis  which  is 
taken  along  the  .r-axis.  The  Si**  sits  at  the  center  of  a 
distorted  SiO^  tetrahedron.  When  Al’*  is  present,  it 
substitutes  for  an  Si**  at  the  tetrahedron  center  as 
shown  in  Fig.  I.  If  (he  AP*  is  compensated  by  an  in¬ 
terstitial  alkali  M '  sitting  nearby,  this  substitutional- 
interstitial  pair  forms  a  triclinic  defect  so  long  as  (he 
M '  is  not  located  on  the  f  Vaxis.  Such  a  defect  has  six 
equivalent  orientations;  two  on  each  tetrahedron,  and 
three  differently  oriented  tetrahedra  (each  rotated 
through  1 20°  from  the  other)  in  each  unit  cell.  For  the 
defect  to  move  from  one  tetrahedron  to  another,  how¬ 
ever.  requires  migration  of  the  AP*  ion.  The  aaivation 
energy  for  such  a  process  is  anticipated  to  be  far  too 
high  for  such  a  jump  to  take  place  in  the  temperature 
range  of  the  present  experiments.  Accordingly,  relax¬ 
ation  occurs  only  by  reorientation  of  the  pair  across 
the  C'2  axis  of  each  tetrahedron,  a  process  that  requires 
only  an  interstitial  Jump  of  the  M*  ion.  The  fact  that 


the  Al-Na  pair  is  responsible  for  two  separate  relaxation 
peaks,  which  we  here  call  the  a  and  ji  peaks,  inevitably 
means  that  the  pair  exists  as  two  nonequivalent  triclinic 
species  (a  and  0)  each  of  which  can  undergo  reorien¬ 
tation  under  a  held.  Nowick  and  Stanley  [9]  have  given 
expressions  for  the  relaxation  magnitudes  in  such  a 
situation  under  the  reasonable  assumption  that  the 
fastest  interstitial  jump  is  that  between  the  two  a  defect 
orientations  on  a  given  AIO4  tetrahedron.  This  results 
in  low-temperature  relaxations  whose  magnitudes  in¬ 
volve  only  the  dipole  moments  of  the  a  defects,  and 
consequently  the  higher  temperature  (slower)  relaxa¬ 
tion  involving  only  the  (I  defect.  They  showed  that  the 
relaxation  magnitudes  for  the  lower  temperature  are 
given  by 

K  =  Knf/takT:  6il  =  S^nflltokT.  (3a) 
and  for  the  higher  temperature,  by 

K  =  A'tftifAoAT:  54  =  \^iAf/2tokT,  (3b) 

where  <0  is  the  permittivity  of  vacuum,  i»||  and  6<i  are 
the  relaxations  for  directions,  respectively,  parallel  and 
perpendicular  to  the  crystallographic  c-axis,  and  sub¬ 
scripts  or  superscripts  a  and  |3  refer  to  the  a  and 
relaxations,  respectively.  Thus  N„  and  Ng  are  the  con¬ 
centrations  (numbers/volume)  of  a  and  defects, 
and  It}  (for  defects  a  and  ff)  are  the  components  of  the 
dipole  moments  in  directions  z  and  y.  respectively  (see 
Fig.  I).  Under  equilibrium  conditions,  the  quantities 
N„  and  Ng  at  a  given  temperature  are  related  by 

/V(,/iV„  =  tx^-agikn  (4) 

where  A?  is  Ihe  difference  in  the  binding  free  energy 
of  Al-Na  pair  in  the  jS  and  a  configurations.  Note, 
from  eqn  ( I ),  that  each  of  the  four  respective  peak 
heights  tan  is  given  by 


tan  =  S(/2f„,  (5) 


with  the  respective  quantities  it  coming  from  eqn  (3). 
A  measurable  ratio  that  will  be  particularly  useful  later 
is  the  ratio  r  of  the  heights  of  the  a  to  the  peak  (both 
in  the  parallel  orientation),  which  is  equal  to 


(6) 


where  T,  and  F#  are  the  two  peak  temperatures. 


3.  EXPERIMENTAL  DETAILS 

3.a  Cryxials 

A  natural  crystal  and  various  cultured  crystals  were 
used  in  this  stud.,.  The  different  crystals  used,  with 
their  designations  and  sources,  are  listed  in  Table  I. 
The  Al  content,  given  in  the  last  column,  was  obtained 


Dielectnc  loss  of  quanz  crystals 
Table  I.  Crystals  used  in  this  work 


Designation 

Source 

Remarks 

A)  content  (ppn) 

GEC 

General  Electric  (UK) 

ultra  pure 

1  0-1 

SQ-A 

Toyo  Co.  (Japan) 

- 

n 

S2 

Sawyer  Co.  (U.S. ) 

- 

13 

NQ 

Arkansas 

Natural 

70 

HA -A 

USSR 

High  A1 

352 

from  the  Al-Na  peak  heights,  and  the  calibration  which 
will  he  di.scussed  later  in  this  paper. 

All  samples  obtained  from  cultured  crystals  were 
taken  from  the  r-growth  regions.  This  region  is  usually 
relatively  homogeneous  in  its  .A1  content.  Two  r-cut 
samples  with  cross  section  of  approximately  I  ..S  x  1 .5 
cm-  and  thickness  (parallel  to  the  t-axis)  between  I.O 
and  1.8  mm  were  cut  from  each  crystal.  One  of  these 
samples  was  swept  with  Li*  and  the  other  with  Na'. 

( I  he  sweeping  was  carried  out  by  Dr.  J.  Martin  at 
Oklahoma  State  University.)  Unless  otherwise  men¬ 
tioned.  all  samples  were  ;-cut  so  that  the  electric  field 
was  applied  parallel  to  the  c-axis  of  the  crystal. 

.^.b  Measunwents 

Dielectric  loss  was  measured  using  a  three  terminal 
method.  The  terminals  were  a  central  electrode  and  a 
concentric  outer  guard  ring  on  one  face  of  the  sample, 
and  a  full  electrode  on  the  other.  The  diameter  of  the 
central  electrode  was  6.6  mm  and  a  gap  of  0.2  mm 
separated  it  from  the  guard  ring.  This  configuration: 
guard  ring  width/gap  width  >  3,  was  designed  to  min¬ 
imize  fringing  field  effects  and  produce  a  uniform  field 
condition  [  1 3].  Electrodes  were  painted  on  with  En- 
glehard  Co.  silver  ink,  and  cured  at  AGO^C  for 
15  min. 

Measurements  were  made  using  a  General  Radio 
type  I620A  bridge  assembly.  The  frequency  range 
covered  extended  from  20  Hz  to  100  kHz. 

The  sample  was  placed  inside  a  Janis  Research  Super 
Varitemp  cryostat  and  connected  to  the  bridge  ter¬ 
minals  with  uninterrupted  coaxial  cables  in  order  to 
provide  continuous  shielding  of  the  leads.  The  shield 
was  itself  connected  to  the  bridge  ground.  After  cooling 
the  sample  to  liquid  helium  temperature,  measure¬ 
ments  were  made  during  heating  at  a  rate  ~0.0I  K 
per  15  sec.  Temperature  T  was  monitored  by  reading 
the  potential  drop  across  a  silicon  diode.  The  uncer¬ 
tainty  in  T  is  ±0.05  K  and  the  absolute  error  is  within 
0.2  K. 

4.  RESULTS  AND  DISCUSSION 

4.a  Study  of  the  Al~Na  relaxations 

In  several  :-cut  (||  oriented)  Na-$wept  samples,  we 
have  observed  the  pair  of  dielectric  loss  peaks  due  to 
Al-Na  pairs.  These  appear  at  29.8  and  75.4  K,  re¬ 


spectively,  for  a  frequency  of  1  kHz.  An  example  is 
given  in  Fig.  2  which  compares  the  dielectric  loss  of  a 
natural  (NO)  crystal  as  received  (unswept)  with  that 
after  Li-  and  Na-sweeping.  The  two  peaks  are  promi¬ 
nent  in  the  Na-swepl  sample,  very  small  in  the  unswept, 
and  absent  in  the  l.i-swept  sample.  The  locations  as 
well  as  the  shapes  of  the  two  peaks  are  precisely  repro¬ 
ducible  from  sample  to  sample.  I'igure  3  illustrates  this 
point  by  comparing  normalized  loss  data  for  the  <>  peak 
in  the  natural  NQ  and  the  cultured  SQ  crystals,  it  is 
striking  that  the  shapes  of  the  two  peaks  arc  so  nearly 
identical  in  spite  of  the  great  difference  in  the  origin 
of  the  crystals  as  well  as  the  difference  in  absolute  peak 
height,  un  which  is  six  times  larger  for  the  natural 
crystal.  A  similar  agreement  in  peak  location  and  peak 
shape  is  found  for  the  d  peak.  T'ris  kind  of  agreement 
suggests  that  the  two  peaks  are  unique  properties  of 
the  defects  involved.  The  respective  parameters  derived 
from  the  peak  location,  the  peak  width  and  the  peak 
height  will  now  be  considered  in  turn. 

Parameters  of  the  a  and  d  relaxations.  The  peak 
location  is  defined  by  the  condition;  wt  =  1 .  By  mea¬ 
suring  the  peak  temperature  at  several  frequencies  one 
can,  in  the  usual  way.  obtain  the  activation  enthalpy 
and  frequency  factor  of  eqn  (2).  We  have  carried  out 
such  dielectric  measurements  in  the  frequency  range 
from  I  to  10  kHz.  In  addition,  it  is  well  known  that  a 
corresponding  pair  of  peaks  occurs  in  the  acoustic  loss, 
usually  measured  at  5  MHz  and  appearing  at  53  and 
1 35  K,  respectively  III.  12).  Although  the  acoustic  re¬ 
laxations  involve  different  relaxational  modes  (the  E- 
type)  than  those  of  the  dielectric  relaxation  (the  Ay- 
type),  it  has  been  shown  that  the  r-values  of  both  re¬ 
laxation  processes  are  the  same  [9].  Accordingly,  in 
Fig.  4  we  have  combined  the  acoustic  and  dielectric 
measurements  to  produce  two  Arrhenius  plots,  one 
for  the  a  peak  and  the  other  for  the  d  peak.  Because 
of  the  wide  range  of  frequencies  covered  when  the 
acoustic  measurements  are  included,  it  is  possible  to 
determine  the  quantities  H  and  i>o  of  eqn  (2)  with  rel¬ 
atively  high  precision.  The  values  are  given  in  Table 
2.  The  lower-than-usual  frequency  factois  vo  (~I0'* 
sec  ')  suggest  that  the  interstitial  Na*  moves  in  a  shal¬ 
low  well  in  both  the  o  and  d  configurations. 

The  width  of  an  ideal  Debye  peak  in  reciprocal  tem¬ 
perature  units  is  h  ( 1/T)  =  2.6i5k/H  ( 14],  Comparing 
this  theoretical  width  with  the  experimental  one  in  Ta- 
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Li  SWEPT 
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Fig.  2.  Dieicctnc  loss,  tan  S.  at  I  kH7.  of  natural  quartz  (NQ)  crystals  that  were  unswept,  Li-swept  and  Na- 
swept.  Note  that  the  scale  for  the  two  lower  curves  is  20x  larger  than  that  for  ihe  upper  curve. 


hic  2.  we  see  (hat  both  the  o  and  (i  peak  widths  are 
within  5"'o  of  the  theoretical  value  and.  as  such,  are 
among  the  best  defined  Debye-type  peaks  reported  in 
the  literature.  The  reason  for  the  sharpness  of  the  peaks 
can  he  related  to  the  absence  of  defect  interactions, 
probably  K'cause  of  the  low  defect  concentrations  and 
Ihe  high  quality  of  the  crystals. 

As  already  pointed  out  in  Section  2.  eqns  (3)  and 
(5).  the  peak  heights  are  related  to  the  concentrations 
of  defects  in  the  two  configurations,  and  to  appropriate 
components  of  the  dipole  moment  vector.  An  inter¬ 
esting  parameter  is  the  ratio  r  of  the  heights  of  the  a 
and  d  peaks,  given  by  eqn  (6).  Table  3  summarizes  the 


relevant  data  for  the  various  Na-swept  samples  studied. 
It  is  striking  that  Ihe  a  to  d  ratio  varies  significantly 
among  different  samples,  and  is  particularly  higher  for 
the  cultured  samples  than  for  the  natural  (NQ)  sample. 
It  is  noteworthy  that  Ihe  two  extreme  ratios.  16.8  for 
sample  HA-A  and  9.7  for  NQ.  were  obtained  after  a 
simultaneous  cooling  from  100  to  4.7  K.  so  that  the 
difference  cannot  be  related  to  equilibration  between 
the  (( and  the  d  Al-Na  defects  in  this  low  temperature 
range.  The  results  of  Table  3  may  be  compared  to  a 
ratio  of  14.8  reported  by  Park  1 10)  for  a  cultured  crystal 
and  a  range  of  ratios  from  ~8  to  16  by  Stevels  and 
Volger  [7]. 


.  TOYO 

30*K  PEAK 

0  NATURAL 

Fig.  3.  Comparison  of  the  normalized  a  peaks  for  the  natural  (NQ)  and  Toyo  synthetic  (SQ)  Na-swept 
crystals.  The  absolute  peak  height  is  6x  higher  for  the  NQ  than  for  the  SQ  crystal.  Frequency,  I  kHz. 
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Fig.  4.  Arrhenius  plots  (log  u  vs  I/  /  I  for  the  i>  and  d  peaks, 
including  the  data  from  acoustic  loss  measurements  at  S  MVI/.. 


From  the  theory,  it  is  clear  that  if'«  »  •  f1  equilibrium 
e.xists  during  the  measurements,  the  ratio  N„/S„  should 
be  the  same  for  all  crystals  and  therefore,  the  ratio  r 
should  be  fixed.  To  further  investigate  this  matter,  we 
annealed  the  Na-swept  samples  FIA-A  and  NQ  to¬ 
gether  at  520°C  for  0.5  h  and  then  slowly  eixtied  them 
to  room  temperture  over  a  period  of  4  h.  F'ollowing 
this  treatment,  the  <t  to  d  height  ratio  was  axletcrmined 
and  found  to  be  I  }.2  for  H  A-A  and  1 .1.7  for  NQ,  which 
may  he  regarded  as  the  same  within  experimental  error. 
It  was  also  verified  that  the  change  in  heights  with  this 
treatment  were  not  compensated  by  any  change  in 
widths  of  the  peaks.  It  is  concluded,  therefore,  that  the 
ratio  A„/Aa  is  not  maintained  in  thermodynamic 
equilibrium  during  measurements  below  100  K  but  is 
frozen  in  from  a  higher  temperature  (above  300  K). 

We  have  further  tested  this  conclusion  by  a  careful 
examination  of  data  on  the  d  peak.  If  an  n  to  d  peak 
height  ratio  ~  14  comesponded  to  an  equilibrium  ratio 
of  .V„ /Afg  at  ~  75  K.  then  the  difference  in  binding  free 
energy  Ai?  would  be  0.015-0.025  eV.  The  estimate  is 
readily  obtained  from  eqn  (6)  and  (4)  allowing  for  rea¬ 
sonable  values  for  the  ratio  (/jV#*?)*-  Wc  can  then  use 


the  Af!  value  to  calculate  how  the  height  of  the  d  peak, 
plotted  as  '/  tan  should  change  with  temperature. 
In  particular,  for  the  jx'aks  measured  at  I  and  10  kHz. 
which  appear  respectively  at  75.6  and  86.5  K.  using 
even  the  lower  estimate  Ax’  0.015  eV.  it  is  readily 
shown  that  they  should  differ  in  magnitude  by  more 
than  .30'!;..  Figure  5  shows,  however,  that  these  peak 
heights  arc  the  .same  to  within  expenmental  error 
( ~2‘.»  ),  a  result  that  is  consistent  with  a  frozen-in  ratio 
Kven  more  striking  is  the  expectation  that  the 
peak  must  be  asymmetne  varies  with  temperature 
in  accordance  with  eqn  (4)  as  the  peak  is  being  traced 
out.  The  logarithmic  plot  of  Fig.  5.  however,  shows 
equal  slopes  on  both  sides.  In  I'act.  if  (Vg  were  varying 
according  to  eqn  (4)  with  A;e  ^  0.01 5  eV.  the  slofK-  on 
the  high  temperature  (low  1  /'/')  side  of  the  graph  would 
be  at  least  20";  less  steep  than  that  on  the  low-tem¬ 
perature  side,  as  shown  by  the  dashed  curves  in  the 
figure.  The  peak  would  then  be  highly  asymmetrical. 
Figure  5  shows,  however,  that  this  is  clearly  not  the 
case. 

These  various  observations  lead  to  the  firm  conclu¬ 
sion  that  the  A!„/A'g  ratio  is  frozen  in  from  a  temper¬ 
ature  afvwe  300  K.  Let  us  consider  the  implications 
of  this  conclusion.  First,  it  leads  to  an  estimate  of  Aa’ 

0.08  cV  for  the  diflerenee  between  the  o  and  d  con¬ 
figurations.  It  also  has  implications  fur  the  kinetics  of 
the  various  interstitial  jumps.  As  slated  earlier,  the  re¬ 
laxation  rate  associated  with  the  o  peak  is  due  to  a  — 
o  reorientations,  and  is  therefore  controlled  by  the  a 
—  <r  jump.  Thus  the  value  //,.  5()  meV  (sec  Table 

2)  is  the  activation  enthalpy  for  this  jump.  The  relax¬ 
ation  rate  associated  with  the  d  peak,  on  the  other  hand, 
can  be  controlled  either  by  direct  d  •  *  d  jumps  or  by 
<*  v-t  d  jumps,  whichever  is  more  rapid  (9).  If  «  d 
provided  the  faster  jumps,  however,  the  ratio  A'„/A'g 
would  be  in  thermodynamic  equilibrium  throughout 
the  measurement  of  the  d  peak,  in  contradiction  to 
our  results.  Thus,  the  d  relaxation  rate  and  its  activation 
enthalpy  //#  =  127  meV  must  be  related  to  the  d  d 
jump.  Since  the  a-d  equilibrium  is  only  established  at 
a  considerably  higher  temperature,  it  must  be  con¬ 
cluded  that  the  enthalpies  for  the  «  —  d  and  li  —  a 
jumps  arc  much  larger  than  //».  This  conclusion  can 
readily  be  understood  in  terms  of  the  model  of  Fig.  I . 
Each  SiOg  tetrahedron  is  composed  of  four  ions 
that  are  equivalent  in  pairs.  Two  of  them  form  long 
bonds  with  the  central  Si*  *  (or  Al’ ' )  and  the  other  two. 
short  bonds.  It  is  reasonable  to  expect  that  the  n  and 
configurations  involve  the  Na*  ion  placed  on  opposite 


Table  2.  Kinetic  parameters  of  the  n  and  d  peaEs  and  peak  widths  h  ( I0’7') 


H 

«(10^/T) 

(S{10^/T) 

tneVi 

iLcc-'l 

(theor. ) 

a 

50(t2) 

1 .1  X  lo'^ 

4.53 

4.75 

e 

127(«2) 

1.7  X  lo’^ 

1.78 

1.80 
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1  able  Peak  heights  ot  a  and  0  peaks  in  various  Na-swept 
samples  (for  parallel  orientation) 


tan  6 


max 


a 


ax 


Crystal 


(10'^) 


tan. 


HA-A 

777 

16.8 

S  2 

27.8 

14.3 

SQ-A 

28.1 

12.9 

NQ 

151 

9.7 

r/r'  = 


(7) 


Further,  we  introduce  the  ratio  of  a  peak  heights  for 
the  two  cases: 


R„  =  tan  «Sa,/Un  4i„  =  N,/N', 


(8) 


and  finally  note  that  the  total  Al-Na  defect  concen¬ 
tration  must  be  conserved  at  a  total  value  N,: 


N„  + =  Na  + 


(9) 


Combining  eqns 

NJN,-. 


(10) 


The  problem  in  utilizing  eqn  (10)  lies  In  the  mea¬ 
surement  of  R„  with  sufficient  precision.  The  best 
measurement  that  we  have  is  for  the  HA-A  sample, 
where  r  =  16.8  before  heat  treatment  and  r'  1.1.2 
afterwards.  The  corresponding  ratio  of  the  «  peaks  was 
R„  =  I.OIO.  the  uncertainty  in  the  quantity  R„  -  1 
being  ~  ±50%.  Inserting  these  values  into  eqn  (10) 
gives  N„INi,  =  26  and  so,  from  eqn  (6). 


=  0.51  (±0.1); 


(11) 


sides  of  the  tetrahedron,  as  proposed  earlier  [10).  Thus, 
in  both  the  <*  —  «  and  the  ^  jumps,  the  Na* 
moves  within  the  relatively  open  c-axis  channel.  For 
the  a  c*  jj  jumps,  however,  the  Na’  must  cross  over 
from  one  channel  to  the  other,  a  much  more  energetic 
process. 

These  conclusions  are  supported  by  recent  computer 
simulation  calculations,  which  use  the  classical  Born 
mtxicl  with  additional  three-body  angle-dependent 
terms  |I5).  Preliminary  results  show,  for  the  Al-Na 
defect:  (a)  that  there  are  stable  a  sites  and  0  sites  on 
opposite  sides  of  the  AIO4  tetrahedron;  (b)  that  a-a 
and  0-0  jumps  involve  low  activation  energies  (<0.3 
eV);  and  (c)  that  transitions  require  a  much  higher 
activation  energy  (~  1.4  eV). 

Dipole  moments  and  calibrations.  In  the  previous 
discussion,  we  made  use  of  the  ratio  r  of  a  to  (3  peak 
heights  to  establish  the  nonequilibrium  status  of  these 
defects  at  low  temperatures.  Because  we  were  able  to 
obtain  two  different  values  of  r  for  the  same  sample 
by  different  heat  treatments,  we  are  given  an  oppor¬ 
tunity  to  estimate  the  quantity  mi/mi  appearing  in  eqn 
(6).  and  then  to  calibrate  the  Al-Na  concentration  in 
both  a  and  0  configurations. 

If  we  denote  by  r  and  r'  two  values  of  the  ratio  cor¬ 
responding  to  two  different  treatments  of  the  same 
sample,  we  obtain  from  eqn  (4); 


i.e.,  the  ;  component  of  the  dipole  moment  is  approx¬ 
imately  twice  as  great  for  the  0  as  for  the  «  configu¬ 
ration.  Note  that,  despite  the  very  large  experimental 
uncertainty  in  the  quantity  R,.  the  estimated  ratio 
a'ilPi  remains  quite  meaningful,  due  to  the  fact  that 
it  enters  squared  in  eqn  (6). 

The  result  given  by  eqn  (II)  can  serve  as  the  basis 
for  the  calculation  of  conversion  factors  which  allow 
us  to  obtain  absolute  values  of  A'„  and  from  the  o 
and  0  peak  heights.  Halliburton  and  co-workers  [16. 
17]  have  developed  a  method  for  determining  the  Al 
content  of  a  quartz  crystal  by  converting  it  entirely 
into  Al-hole  centers  through  an  appropriate  irradiation 
procedure.  This  center  has  a  characteristic  ESR  spec¬ 
trum  which  has  been  calibrated.  In  this  way,  they  found 
for  an  SQ-.4  sample,  taken  from  the  same  bar  as  our 


100/ T 


(7)-(9)  we  can  obuin  the  ratio 


16 


Fig.  S.  Plots  of  7*  tan  i  (with  background  subtracted)  on  a 
logarithmic  scale  versus  tOOfT  for  the  0  peak  in  a  Na-swept 
crystal  at  I  and  10  kHz.  The  dashed  curve  for  the  I  kHz  case 
is  calculated  under  the  assumption  that  the  enthalpy  difference 
between  the  a  and  0  states  is  0.01 5  eV  and  that  a-0  equilib¬ 
rium  is  always  maintained.  Under  this  same  assumption  the 
10  kHz  peak  should  be  at  least  ^30%  higher  than  the  I  kHz 
peak. 
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sample,  a  value  of  12.8  ±  0.6  ppm  Al.  Because  of  the 
homogeneity  of  the  r-growth  region  from  which  these 
samples  were  taken,  and  because  of  the  proven  effec¬ 
tiveness  of  the  sweeping  procedure,  we  can  assume 
that  our  Na-swept  SQ-.-t  sample  posses.sed  the  same 
Al  content,  entirely  in  the  form  of  Al-Na  pairs.  In  this 
case  we  have 

C'a  +  -  C'l  =  12.8  ppm, 

where  the  symbol  C'  refers  to  concentration  expressed 
as  a  mole  fraction  (i.e.  relative  to  the  total  Si  concen¬ 
tration).  Using  the  ratio  of  dipole  moments  given  by 
eqn  111)  and  the  ratio  of  peak  heights  r  ^  1 2.9  (sec 
Table  2),  we  obtain  C,ICg  ■=  19.8.  From  the  sum  and 
the  ratio  of  and  C .  we  obtain  f -  1 2.2  ppm  and 
f  a  =  0.62  ppm.  Knowing  the  heights  of  the  two  di¬ 
electric  loss  peaks  for  the  Na-swepi  SQ-zt  sample,  wc 
derive  finally  at  the  following  calibrations; 

(■„  (ppm)  =  (0.43  ±  0.02)  x  10’  tan  A",,.  ! 

O(ppm)  -  (0.29  ±  0.10)  X  10’  tan  C,.  ' 

Note  that  the  uncertainty  in  the  calibration  of  the  d 
peak  is  large  due  to  the  large  uncertainty  in 

A  more  practical  calibration  is  to  relate  just  the  a 
peak  height  to  the  total  M-Na  concentration,  since  the 
a  peak  is  the  much  larger  one  and  it  is  more  easily 
used  to  monitor  the  Al-Na  content.  Strictly,  the  result 
depends  on  the  a/0  ratio  r,  but  variations  in  r  produce 
only  small  changes  in  that  calibration.  Thus,  taking  r 
=  1 3  as  an  average  value,  wc  obtain 

C,(ppm)  =  (0.45,  +  0.03)  X  lO’  tan  (13) 

which  is  not  very  different  from  the  result  for  in 
eqn  (12),  since  C«  <  C„.  Since  an  a  peak  height  of  I 
X  10'’  is  observable  (see,  e.g.,  the  data  for  the  unswept 
sample  in  Fig.  2),  one  concludes  that  as  few  asO.S  ppm 
of  Al-Na  centers  may  be  detected  by  this  method. 

Using  the  calibration  constants  of  eqn  ( 1 2)  together 
with  eqns  ( 1 )  and  (3)  and  the  requirement  that  ut  =  1 
at  the  peak,  enables  us  to  obtain  the  dipole  moment 
as  components  and  as  follows: 

Ms  =  5.4  X  l0  *’C’-w,  ]  I 

\  (14) 

MS  =  10.5  X  10 

If  we  then  simply  set  ms  =  cr,  where  e  is  the  electronic 
charge  and  z  the  separation  of  charge  in  the  :  direction, 
we  obtain:  z"  =  0.34  A  and  z*  =  0.66  A. 

Equation  (3)  shosvs  that  the  components  mI  and  mj 
can  be  similarly  obtained  from  measurements  on  sam¬ 
ples  oriented  perpendicularly  to  the  c-axis.  Such  mea¬ 
surements  svere  made  by  Park  [10]  who  showed  that 
the  anisotropy  ratio  (i<i,/i<  x )  for  both  the  a  and  0  peaks 
is  ~30.  Accordingly,  from  eqn  (3)  we  may  obtain  the 
>'  components  of  the  defect  dipole  moment,  giving  y’ 

=  0.10  A,  >•'  =  0.18  A.  The  dipole  components  mi  are 


not  obtainable  from  dielectric  relaxation  mcasure- 
mcnt.s,  since  this  is  the  component  along  the  symmetry 
((  ',)  axis  (see  Fig.  1)  which  is  unchanged  during  any 
o-o  or  d-d  jump  of  the  Na‘  ion  Nevertheless,  con- 
sidenng  that  the  ionic  radii  of  Al''  and  Na'  are  0.51 
and  0.97  A.  respectively,  the  numbers  obtained  for  y 
and  z  components  arc  clearly  loo  small. 

fhe  result  that,  if  the  dipole  moment  m  is  interpreted 
as  electronic  charge  multiplied  by  distance  r,  the  mag¬ 
nitude  of  that  distance  comes  out  too  small,  is  actually 
a  common  problem  in  dielectric  relaxation.  Attempts 
to  deal  with  it  by  introducing  an  internal  held  correc¬ 
tion  (7)  have  not  been  particularly  successful.  The  rea¬ 
son  for  these  problems  is  that  the  proper  definition  of 
M  is  given  in  macroscopic  rather  than  atomistic  terms. 
Specifically,  the  components  of  m  are  properly  defined 
in  terms  of  an  extra  electric  polarization  per  unit  excess 
concentration  of  defects  in  a  given  orientation  [8].  It 
therefore  does  not  follow  that  the  m  values  so  obtained 
will  come  out  to  be  simply  the  bare  dipole  moment, 
i.e.  <■  times  the  actual  defect  dimensions,  except  in  order 
of  magnitude.  (Also  see  [18).)  The  relative  values  of 
these  components,  however,  may  be  regarded  as  pro¬ 
viding  meaningful  information  on  the  coordinates  of 
the  Na'  ion  about  the  AlOi  tetrahedron. 

4.b  Search  for  Al~ Li  relaxations 

In  view  of  the  usefulness  of  the  Al-Na  loss  peaks  to 
characterize  the  Al-Na  defect  pair  and  to  monitor  the 
Na  content,  we  have  attempted  to  find  similar  peaks 
due  to  Al-l.i  pairs.  We  have  uc  >rdingly  examined  a 
variety  of  unswept  and  Li-swept  samples,  both  z-cut 
and  .v-cut,  over  the  entire  range  from  2,9  to  290  K. 

In  all  of  these  experiments,  no  identifiable  peak  was 
found,  in  contrast  to  Sievels  and  Volger’s  claim  [7]  of 
a  Li  peak  at  60  K  for  a  frequency  of  32  kHz,  The 
middle  curve  of  Fig.  2  shows  one  of  the  better  examples 
of  this  search.  For  this  Li-swept  natural  crystal  with 
an  Al  content  as  high  as  70  ppm.  there  is  no  sign  of 
any  peak  greater  than  0.5  X  10  ’.  Even  the  small  fluc¬ 
tuations  that  appear  in  Fig.  2  were  shown  by  repeated 
experiments  to  be  random  and  strictly  part  of  the 
background  losses.  It  is  noteworthy  that  a  recent  study 
of  anelastic  loss  at  5  MHz  also  finds  no  peaks  for  Li- 
swept  crystals  over  a  similar  temperature  range  [12]. 

There  is  little  doubt  that  Al-Li  pairs  are  present,  i.e. 
that  the  sweeping  was  successful,  since  there  are  no 
traces  of  Al-Na  relaxations  or  of  Al-OH  infrared  ab¬ 
sorptions  in  such  Li-swept  samples.  In  view  of  the  high 
Al  content  of  the  samples  studied,  it  follows  that  the 
values  of  M2  and  mj  that  must  be  assigned  to  the  Al-Li 
defect  are  at  least  one  order  of  magnitude  smaller  than 
the  values  for  the  Al-Na  pair.  The  most  reasonable 
conclusion  is  that  these  components  are  precisely  zero, 
i.e.  that  the  Li^  ion  resides  on  the  C?  axis  of  the  distorted 
Si04  tetrahedron.  The  absence  of  relaxation  is  then 
due  to  the  fact  that  there  is  no  possibility  for  reorien¬ 
tation  under  an  applied  electric  field.  It  is  probably 
because  of  the  small  size  of  the  Li '  ion  (radius  0.68  A) 
that  it  can  reside  on  the  C?  axis  between  two  oxygen 
ions  and  closer  to  the  Al”  than  the  Na*  ion.  Conse- 
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Hiicnlly.  we  may  expeel  that  the  binding  energy  ol'lhe 
Al-l.i  pair  should  lx-  higher  than  that  of  the  Al-Na 
pair. 

Interestingly  enough,  a  recent  computer  simulation 
study  [15],  already  mentioned  earlier,  has  shown  that, 
whereas  the  Na’  sits  off  of  the  C'2  axis  of  the  AIO4 
tetrahedron,  the  l.i'  resides  on  this  axis.  Furthermore, 
the  binding  energy  of  the  Al-I  .i  pair  is  about  0.45  eV 
higher  than  that  of  the  Al-Na  pair. 

It  is  satisfying  that,  in  this  case,  a  negative  experi¬ 
mental  result  has  led  to  definite  information  about  the 
structure  of  the  Al-Li  defect.  However,  the  absence  of 
a  characteristic  peak  is  disappointing,  since  it  leaves 
us  without  a  means  for  directly  monitoring  the  Al-Li 
content  of  crystals.  Such  a  monitor  would  be  most 
valuable  in  view  of  the  fact  that  tixlay’s  higher  quality 
cultured  quart^  crystals  are  grown  with  Li'  in  the  mi- 
nerali/er,  and  consequently  with  Af’*  assrtciated  pre¬ 
dominantly  with  l,i'  in  the  crystal. 

5.  (ONt  I  .USIONS 

In  this  six'tion,  we  summarize  what  has  been  learned 
in  this  work  concerning  both  the  Al-Na  and  Al-Li 
defects. 

.\l-\(i  (k’Icct 

I  he  appearance  of  o  and  d  peaks  arc  a  result  of  the 
existence  of  distinct  n  and  d  configurations  for  this 
defect.  The  o  relaxation  is  controlled  by  <»  —  o  jumps 
with  II  50  meV  and  the  d  relaxation  by  d  —  djumps 
with  H  127  mcV.  I  he  frequency  factors  in  both 
cases  are  close  to  1(1'-  sec  Both  peaks  are  very  nearly 
single  IX'bye  relaxations. 

The  d/o  ratio  is  frozen  in  the  vicinity  of  the  d  peak 
(near  KKI  Kl.  showing  that  the  o  —  d  jump  requires 
a  high  activation  enthalpy,  probably  >  I  eV,  This  sug¬ 
gests  that  the  o  and  (1  configurations  involve  the  Na^ 
ton  located  on  opposite  sides  of  the  AIO4  tetrahedron. 

The  ratio  of  r-components  of  the  dipole  moments 
is  \n“lii\\  =  0.5.  On  this  basis,  and  with  the  aid  of  in¬ 
formation  from  F.PR  measurements  following  irradia¬ 


tion.  It  has  been  possible  to  calibrate  the  heights  of  the 
<«  and  d  peaks,  as  given  by  eqn  (12). 

.  tl-l.i  iliii’cl 

The  absence  of  relaxations  (both  dielectric  and  ane- 
lastic)  in  Li-swept  crystals  leads  to  the  conclusion  that, 
in  contrast  to  the  case  of  Na'.  Li'  sits  on  the  ('2  axis 
of  the  AIO4  tetrahedron, 
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EFFECT  OF  ALKALI  IONS  ON  ELECTRICAL  CONDUCTIVITY  AND 
DIELECTRIC  LOSS  OF  (JUARTZ  CRYSTALS* 


J.  Toulouse •  E.R.  Green  and  A.S.  Nowlck 
Henry  Krumb  School  of  Minos 
Columbia  University,  New  York  10027 


Summary 


Because  of  the  importance  of  alkali  Ions  in  rela- 
ti  ,1  to  frequency  stability  of  quarte  resonators,  we 
,  ivf  invest  i>»ated  the  electrical  properties  of  various 
■  .  .wept  and  Na-swcpt  quartz  crystals  (both  natural  and 
Those  properties  arc  of  two  types:  dloloc- 
{.xik:  loss  nuMsoreroents,  particularly  at  cryo^'.onlc 
i-  ■  •  or.it  ures,  and  electrical  conductivity  measured 
between  100*  and  400*C.  In  the  case  of  the  dielectric 
'.e  isurements,  we  studied  the  two  well  known  loss  peaks 
'  to  Al-Na  pairs  and  established  a  calibration  for 
t  I  lower  temperature  peak  (tan  '^max  10*^ 

c 'rrespondinR  to  1  ppm  of  Al-Na  pairs).*  High  quality 
'Vr.thctic  crystals  and  a  natural  crystal  were  found  to 
have  primarily  Li  as  compensation  for  A1  in  the  as- 
condition.  The  absence  of  an  analogous  Al-Ll 
cit  leads  to  the  conclusion  that  Li  resides  ou  the 
.‘-r^ld  symmetry  axis  of  the  AlO^  tetrahedron  to  which 
.1  L3  bound.  Following  irradiation,  large  loss  peaks 
-re  lound,  at  8.4  K  for  Na-swept  and  at  6.83  K  for  Li 
wept  crystals.  These  peaks  may  be  useful  to  charac* 
Urue  quartz  crystals. 

The  ionic  conductivity  is  different  for  Na  and  Li 
in  the  same  crystal,  and  also  for  synthetic  and  natural 
orvsbals.  Conductivity  is  controlled  by  a  combination 
the  energy  of  migration  of  free  M**"  and  of  assoc  iat  ion 
the  Al-M  pair. 


Introduction 


It  is  well  established  that  frequency  instabilities 
in  quartz  resonators,  especially  after  irradiation,  are 
related  to  impurities  in  the  crystals. Probably  the 
■"cst  Important  Impurity  is  Al^"*"  substituting  for 
'‘hich  (due  to  its  lower  valence)  requires  an  additional 
defect  for  charge  compensation.  Hie  latter  Is  most 
‘•^onntinly an  interstitial  monovalent  ion,  M*,  notably  the 
•‘Ikalis,  Li**"  and  Na**^,  or  hydrogen.  Because  of  the 
Coulomblc  attraction  between  the  and  the  Al3+  (which 
'tarries  an  effective  charge  of  -1),  the  Inter- 
■^titial  is  usually  located  adjacent  to  the  Al^”*”  Ion  at 
to  moderate  temperatures. 


Two  types  of  electrical  properties  provide  useful 
to  observe  Che  effects  of  alkali  ions;  these  are 
'dielectric  loss,  and  conductivity.  The  pioneering  work 
Stevels  and  Volger^  showed  that  dielectric  loss  (or 
'dielectric  relaxation”)  observed  at  cryogenic  tempera¬ 
tures  showed  a  number  of  peaks,  two  of  which  could  be 
attributed  to  Al-Na  pairs.  Subsequent  work  in  this 
’bor.it  ory^*  7  showed  that  a  Nn^  Ion  can  occupy  two 
^*<^5  of  equivalent  sites  (a  total  of  4  sites),  which 
be  considered  nn  and  nnn  positions,  about  a  given 
AI04  tetrahedron.  An  electric  field  gives  rise  to 
'dielectric  loss  by  producing  preferential  reorientation 
between  an  equivalent  pair  of  sites,  the  lower  tempera- 
ture  loss  peak  being  due  to  nn  reorientation  and  the 
higher  temperature  one  to  nnn  reorientation.  Analogous 
acoustic  loss  (or  ”anelastic  relaxation”)  peaks  are 


also  known.® 

An  important  question  is  whether  there  are  similar 
loss  peaks  due  to  Al-Ll  pairs.  Such  a  peak  was  claimed 
by  Stevels  ami  Volger-*  to  l>e  present  at  60  K  (lor  a 
frtrquency  of  32  kHz).  Tin  re  Is  .-i  need  to  confirm  this 
claim,  since  such  a  peak  would  provide  a  v.iluahle  metho>l 
for  characterizing  the  Li‘*‘  content  of  quartz  crystals. 

The  second  property  of  interest  is  electrical  con- 
ductjvitv^  B^ause  of  the  large  band  gap  of  cryst.alline 
quartz  (■'  8  eV)  such  conductivity  is"^en*tirely  ionic,  and 
is  due  to  alk.'ill  ions  that  have  broken  away  from  Al-M 
pairs  as  a  consequence  of  the  dissociation  equilibrium. 

A  detailed  study  by  Jain  and  Nowick^  has  shown  some 
interesting  differences  between  natural  and  synthetic 
crystals,  in  particular,  a  lower  activation  energy  for 
natural  crystals. 

Both  electrical  properties  are  strongly  dependent 
upon  the  morpliology  of  the  alkali  defect,  which  can  be 
modified  by  irradiation. Therefore  we  have  also  begun 
to  investigate  the  effects  of  X-lrradiation  upon  dielec¬ 
tric  loss  and  conditctivitv 

In  order  best  to  study  these  electrical  properties 
related  to  alkalis,  it  is  deslr.ible  to  obtain  crystals  1 

that  have  Al  compensated  by  just  one  alkali  at  a  time.  ' 

This  objective  can  be  met  by  the  process  electro- 
diffusion  (or  “sweeping”),  i.e.  application  of  an  elec¬ 
tric  field  parallel  to  the  /.-axis  to  introduce  the 

desired  interstitial  Ion  Into  the  lattice  replacing  I 

those  that  were  grown  in.  This  method  was  previously  | 

developed  by  Kats^^  and  by  King^  and  is  now  a  relatively 

standard  technique.  In  addition  to  alkalis,  H'*'  can  also 

be  swept  into  the  crystal.  By  studying  the  electrical 

properties  of  L1-,  Na-  and  H-swept  crystals  we  hope  to 

achieve  a  better  understanding  of  these  properties  than 

had  been  achieved  in  the  past  with  measurements  on 

various  as-grown  crystals. 

Experimental 

The  principal  synthetic  crystals  studied  were  high 
quality  crystals  taken  from  the  Z-growth  region:  Toyo 
Supreme  Q  (bar  SQ-A)  and  Sawyer  Premium  Q  (bar  PQ-E). 

The  natural  crystal  was  a  clear  crystal  from  Arkansas.  ! 

Electrodiffusion  experiments  were  carried  out  at 
Oklahoma  State  University  by  Dr.  J.  Martin.  (Method 
described  in  ref.  12).  Dielectric  loss  (tan  f>)  and 
ionic  conductivity  were  both  measured  with  a  General 
Radio  type  1620A  Capacitance  Bridge  assembly  over  the 
frequency  range  20  Hz-100  kHz.  Complex  Impedance  j 

analysis  was  used  to  obtain  the  bulk  conduction.^  The  1 

samples  used  were  plates  of  surface  area  1  cm^  and  | 

thickness  1.0-1.3  mm  coated  with  sputtered  sliver  elec-  j 

erodes.  Most  samples  were  cut  so  that  the  electric  ' 

field  Is  applied  parallel  to  Che  z-axis,  but  soma  %«re  ' 
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Fig,  1.  Dielectric  loss  of  natural 
quartz  crystals  that  were  unswept,  Ll- 
swept  and  Na-swept.  Note  that  the  scale 
for  the  two  lower  curves  is  20  x  larger 
than  that  for  the  upper  curve. 
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cut  in  t  pcrpontl i<'ul ar  orientation.  The*  safnple  chamber 
for  the  conductivity  measurements  was  described  pre¬ 
viously.^  For  dielectric  loss,  the  sample  was  inserted 
into  n  Janis  Supervaritemp  cryostat,  and  measurements 
were  taken  between  2.9  and  300  K.  The  leads  from  the 
hriiUe  tt*  the  s.uuple  electrodes  were  sliielded  by  a 
coni  iuuous  «.'t.i.jxijl  shield  connected  f<»  the  br id>»«*  ground. 

X-irradiation  was  carried  out  for  4  hours  at  room 
temperature  using  a  conventional  tungsten-filament  tube 
at  40  kV  and  20  mA.  The  very  soft  X-rays  were  filtered 
out  by  tlie  layer  of  sputtered  silver  used  as  electrodes. 

Dielectric  Relaxation  Studies 


The  study  of  the  Toyo  Supreme  SQ-A  sample  allows 
a  calibration  of  the  30  K  peak.  Hall iburton  ct 
developed  a  mithod  fur  determining  the  A1  content  of  a 
(juartz  crystal  by  converting  all  of  it  to  Al-hole 
(Al-h"^)  centiTs  thrfuigh  an  appropriate  irradiation 
proc«*dure;  these  cenrer.s  lould  then  he  delecied  am) 
lliolr  ctmrenl  rat  ion  tirtermined  through  LSk  measure¬ 
ments.  In  this  way,  they  found,  for  an  SQ-A  specimen 
from  the  same  bar  as  our  sample,  a  value  of  14.4  ppma 
of  A1 .  If  we  assume  that  our  Na-swept  SQ-A  sample 
contained  the  same  Al  content  And  that  the  Na  sweeping 
converted  all  Al  to  Al-Na  defect:s,  then  our  peak  height 
tan  of  22.1  k  10"^  must  correspond  to  14.4  ppm  of 

Al^'Na  defects.  This  result  then  gives  a  calibration 
constant  of  1.5  x  10”^/ppm. 


The  Al-Na  Peaks 


In  several  samples  containing  Na,  we  have  observed 
the  pair  of  peaks  previously  reported  by  Stevels  and 
Voli’or^  and  by  Perk^  as  due  to  Al-Na  p.'VM':^*  — .At— .i  .f  re- 
qtic'nry  of  1  kHz  these  peaks  appeared  at  30  K  and  75  K. 
/vn  example  is  given  in  Fig.  I  which  compares  dielectric 
loss  (tan  6)  for  the  natural  crystal  as  received  (un¬ 
swept)  and  after  Li-and  Na-sweeping.  The  two  peaks  are 
prominent  in  the  Na-swept  sample,  very  small  in  the 
unswept  and  absent  in  the  Li-swept  sample.  The  30  K 
peak  is  especially  interesting  as  a  very  sensitive 
measure  of  the  Al-Na  content  Just  as  is  the  50  K 
anelastlc  peak  (at  5  In  fact,  by  comparing 

the  temperature  location  of  the  dielectric  peak  at  1  kHz 
with  that  of  the  anelastic  peak  at  5  MHz,  one  obtains 
H  =  0,.052  eV  as  the  activation  enthalpy  of  the  peak. 
Figure  2  shows  a  more  detailed  examination  of  the  peak 
shape,  comparing  normalized  data  for  the  natural  and 
the  Toyo  synthetic  crystal-  It  is  striking  that  the 
shapes  are  so  nearly  identical  (except  for  a  possible 
small  tail  on  tlit*  high  I /T  side  lor  the  synthetic  crys- 
t.il)  in  spite  of  the  great  difference  In  origins  of 
these  two  crystals  and  a  peak  height  that  is  7x  larger 
for  the  natural  crystal.  From  the  peak  width  of  Fig.  2 
an  apparent  activation  energy  of  0.050  eV  is  obtained* 
showing  that  the  peak  is  only  42  wider  than  a  perfect 
Debye  peak.*^  This  relaxation  peak  is  attributed^*?  to 
reorientation  bettreen  the  two  equivalent  nn  configura¬ 
tions  of  the  Al-Na  pair.  A  similar  agreement  In  peak 
shapes  bettiecn  natural  and  synthetic  is  found  for  the 
75  K  peak*  which  is  attributed  to  nnn  Al-Na  pairs. 


Tlie  earlier  theoretical  treatment^  permits  us  to 
interpret  this  calibration  constant.  It  was  shown  that 
the  relaxation  strength  of  the  dielectric 

constant  parallel  to  the  z-axls  is  given  by 


^  ■  *  2  tan  6^^  . — 


V/ 


kT 


(1) 


where  tan  S^^ax  measured  peak  height,  n^  the 

number  of  dipoles  (Al-Na  pairs)  per  unit  volume,  ^3  the 
component  of  the  dipole  moment  parallel  to  the  z-axis 
and  kT  has  its  usual  meaning.  The  above  calibration 
constant  then  gives  a  value  of  U3  *■  5  x  10" C-m,  or 
a  charge  separation  r3  '  0.3  A,  which  is  reasonable. 


Table  1  presents  a  sunroary  of  the  results  for  the 
30  K  peak  for  a  variety  of  samples  that  we  have  studied 
(all  measured  parallel  to  the  z-axis).  In  the  final 
column  this  calibration  constant  is  used  to  convert 
peak  heights  into  concentration  of  Al-Na  pairs.  It  is 
interesting  that  these  high  quality  synthetic  crystals 
(SQ-A  and  PQ-E),  gro%m  with  Li'*'  in  the  mineralizer, 
show  only  a  very  small  amount  of  Na  in  the  as-grown 
condition.  The  total  Al  content  of  the  PQ-E  crystal, 
for  example  was  ^  18  ppm;^^  therefore,  only  4X  of  the 
Al^'*'  is  associated  with  Na  in  the  as  gro%m  condition. 
Similarly  there  is  only  15Z  Al-Na  in  the  Toyo  SQ-A 
crystal.  The  remainder  is  almost  certainly  Al-Li* 
since  there  is  no  evidence  in  these  crystals  for  infra¬ 
red  absorption  due  to  Al-OH  centers. 
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Tabl«?  Results  for  the  30  K  peak  for  various  samples 
Peak  height 

Sample  tan  x  10^  ppma  Na 

SQ-A  unswept  3.2  2.1 

SQ-A  Na-swept  22.1  U.4 

PQ-E  unswept  1  0.7 

NQ  jn swept  1  0.7 

NO  Na-swept  151  100 


100/ T 


fig.  2.  The  30  K  dielectric  loss  peak  on  a 
ncir-'<ll2ed  plot  for:  O  fhe  natural  crystal,  ^  the  Toyo 
cry•^t^^l.  (The  ab:a<>lute  peak  lieLi^ht  ot  the  natural 
?  X  Itlgher  that  that  of  the  Toyo  crystal.) 


S*.arch  for  Al«Ll  Peaks 

In  attempting  to  find  one  or  more  dielectric  loss 
peaks  due  to  Al-Ll  pairs*  we  have  examined  several 
'inswept  and  Li-swepC  samples  both  parallel  and  perpen¬ 
dicular  to  the  z-axls  and  over  the  temperature  range 
2. 3  -  290  K.  In  all  of  these  experiments  no  identifiable 
peak  was  found,  in  contrast  to  Stevels  and  Volger's 
claim  of  a  peak  ac  60  K  (for  32  kHz).  ITie  middle  curve 
of  Fig.  1  shows  one  of  the  best  examples,  that  of  a 
li-swepc  natural  crystal.  In  this  case*  for  which  the 
AI  content  is  100  ppm  (see  Table  1)  there  is  no  evidence 
for  a  peak  as  large  as  tan  ■  1  I0~5.  (L'ven 

fluctuations  which  might  hide  very  small  peaks  in 
Fltf.  1  were  later  sho%m*  by  remeasurement *  not  to  be 
peaks.)  Thus,  using  Eq.  (1),  if  a  Ai-Li  peak  exists 
for  measurements  parallel  to  Che  z-axls*  it  must 
correspond  to  a  value  of  uj  at  least  an  order  of  mag- 
^utude  smaller  than  that  for  Al-Na.  Similarly,  measure- 
~»r.ts  with  electric  field  In  the  basal  plane,  for  wlilch 
the  corresponding  relaxation-strength  equation  Is^ 

2  tan  -  njM|/2kT  (2) 

Where  ^2  component  of  dipole  mofoent  in  the 

y-direction  of  the  crystal*  again  gave  negative  results* 
suggesting  that  ^2  also  exceedingly  small.  It  is 
noteworthy  that  anelastlc  relaxation*  which  involves 
the  same  relaxatlonal  mode^  as  is  also  absent  for 
Li-swepe  crystals  over  a  similar  temperature  range. 

It  is  therefore  concluded  chat  the  Al-Li  pair  is 
most  likely  oriented  along  the  x-axls*  l.e.  the  direc¬ 
tion  of  the  2-fold  (C2)  symmetry  axis  of  the  crystal, 
as  shown  In  Fig.  3.  Secause  locates  Itself  on  this 
axis*  the  t%fo  equivalent  sites  between  which  reorlenta- 


Fig.  3.  Diagram  showing  part  of  the  unit  cell  of 
u-qu.irtz  containli»g  a  substitutional  that  forms 

an  AIO4  dlsL<jrtud  t of r.'ihoth on ,  Thr  fwo-fold  symmetry 
axis,  C2  •  which  lies  p.iraliel  to  cfte  x-axis.  Is  also 
shown . 


t  ion  occurs  in  the  case  of  Na"*",  have  now  collapsed  into 
a  single  site;  thus,  the  possibility  for  reor lentat ioi\ 
l.e.  for  dielectric  relaxation*  no  longer  exists. 

[This  last  remark  is  just  a  restatement*  in  physical 
terms,  of  what  Ir,  contained  mathemacicallv  in  Eqs.  (1) 
and  (2)  ,expl.inat  ton  for  the  orientation 

of  the  Al-^Li  pair  along  the  C2  axis  may  be  related  to 
the  small  size  of  the  LI'*'  ion  which  may  permit  It  to 
sit  between  two  oxygen  ions  of  the  AIO4  tetrahedron. 

On  the  other  hard,  the  Na+  Ion  is  believed  to  prefer  to 
form  an  0-Na  type  of  bond  with  one  of  the  four  oxygen 
ions  of  the  tetiahedron. ^  One  way  to  explore  the 
delect  configurations  further  Is  by  computer  ‘  1 '’-ul  a  Ions 
using  the  HADKM  I!  type  pr-'i'.ram.  Sucl)  metlunls  have 
given  Insight  into  the  mini.inum-energy  configurations  of 
different  defect  clusters  in  a  variety  of  Ionic  crystals 
and  may  also  be  useful  in  the  present  case. 

Irradiation  Peaks 

X-irradiat Ion  produces  -1  large  peak  at  very  low 
temperatures,  with  a  high  rising  background  below  the 
peak.  Figure  4  shows  the  results  tor  Toyo  Supreme  SQ-A 
samples  that  had  been  L1-,  Na-  and  H-swept.  In  Che  Na- 
swepc  case,  the  30  K  (100/T  *  3.3)  Al-Na  peak  is  con¬ 
siderably  reduced  and  replaced  by  a  huge  peak  at  8.4  K 
with  a  rising  background  at  still  lower  temperatures. 

A  similar  peak  is  present  for  the  Li-swept  case,  but  It 
Is  located  at  a  lower  temperature,  6.85  K..  The  H-swept 
sample*  on  the  other  hand,  shows  a  smaller  less  well- 
defined  peak  after  Irradiation,  which  might  be  inter¬ 
preted  as  a  composite  of  the  residue  of  the  peaks  for 
the  Li-and  Na-swept  samples. 

It  is  reasonable  to  ascribe  these  radiation  induced 
peaks  either  to  the  Al-h'*’  center  or  to  a  center  that 
involves  the  alkali.  The  fact  that  the  peaks  for  the 
different  alkalis  have  different  temperatures  and  that 
the  H-swept  sample  shows  a  lower  and  less  well  defined 
peak  suggests  the  possibility  of  an  alkali  center,  A 
simple  M-e  venter  (s  not  very  likely,  since  such  a 
center  with  a  single  electron  would  have  ;j  strong  ESR 
spectrum*  yet  has  not  been  detected  in  irradiated 
samples.*®  A  more  complex  alkali  center  may  be  involved^ 
for  example*  it  may  contain  two  electrons  and  possibly 
an  oxygen-ion  vacancy.  More  work  Is  clearly  needed  to 
further  explore  these  interesting  irradiation  induced 
peaks  as  well  as  the  very  low-temperature  background 
effect  %#hich  accompanies  them. 


V 


Conduct i V i t V  St ud ies 


Conductivity  mensuromcnt <?  wore  cariied  out  on 
unswept  and  :?wept  Toyo  S(^'-A  and  natural  crystals.  All 
measurements  were  made  with  cU-ctric  field  parallel  to 
2-a\is.  The  results,  shown  in  KIk.  5,  are  somewhat 
different  for  the  two  types  of  quartz.  For  the  natural 
cr.stal,  tlie  Li-swept  sliows  a  substantially  higher  con¬ 
ductivity  and  a  sliphtly  lower  activation  energy  (see 
Table  2).  On  the  other  hand,  for  the  Toyo  synthetic 
crystal,  Che  conduct i vi t ies  are  quite  close  and  the  Li- 
swept  has  the  higher  aetlv.ition  energy.  Also  included 
in  Fig.  are  results  for  the  H-swept  Toyo  crystal. 

Here  the  conductivity  has  dropped  by  more  than  two 
orders  of  magnitude,  yet  the  activation  energy  is  com¬ 
parable  to  that  .fli.  the  alkali  swept  crystals..  .11  is 
therefore  reasonable  to  regard  that  the  conductivity  of 
H-swept  sample  is  not  due  to  H"*"  migration,  but  to  the 
small  amount  of  residual  alkali  which  remains  after 
sweeping. 

Table  2  also  shows  that  the  activation  energies 
for  both  n.itural  crystals  fall  well  below  those  for  the 
synthetics,  as  Jain  had  already  observed.^  These 
differences  were  interpreted  in  terms  of  the  relation. 


E  *  E  +  rsE, 
in  A 


(3) 


where  is  the  activation  energy  for  migration  of  a 
free  alkali  ion,  E^  is  the  Al-M  association  energy,  and 
B  can  vary  between  and  1  with  the  value  of  unity  for 
synthetic  crystals,  in  which  the  defect  concentrations 
are  so  small  that  additional  unassociated  A1  may  be 
present.  In  any  case,  the  term  £4  dominates  the  ex¬ 
pression  for  E,  so  that  a  higher  value  for  Li"*"  than  for 
Na^  does  not  mean  that  the  larger  (Na"*^)  ion  migrates 
down  the  open  channels  of  the  crystal  more  rapidly  than 
the  small  Li'*'  ion.  Rather,  because  of  the  small  size  of 
Li'*',  it  is  possible  that  for  Al-Li  is  higher  than 
that  for  Al-Na. 


Fig.  5.  Conductivity  plots  (log  cT  versus  1/T, 
where  0  is  the  conduct iviiy)  for  Li-  and  Na-swept 
natural  quartz  samples  (NQ),  and  for  three  differently 
swept  synthetic  samples  (Toyo  SQ-A) .  The  corresponding 
activation  energies  are  given  in  Table  2. 


Tabic  2.  Activation  Energies  from  Conductivity 
Measurements* 


Crystal 

Sweeping 

E(eV) 

Natural  NQ 

Li 

1.09 

Natural  NQ 

Na 

1.11 

Toyo  SQA 

Li 

1.A4 

Toyo  SQA 

Na 

1.31 

Toyo  SQA 

H 

1.43 

Conclusions 


Li"**  and  Na**"  behave  quite  differently  in  their 
effects  on  (c)  dielectric  loss,  (.cc)  dielectric  loss 
after  irradiation  and  {aUa,)  electrical  conductivity. 

The  first  of  these  properties  involves  the  bound  Al-M 
pair;  this  study  has  shown  that  the  two  alkalis  sit  on 
very  different  sites.  The  second  property  may  tell  us 
what  becomes  of  the  alkali  ion  during  irradiation, 
information  which  has  thus  far  not  been  revealed  by 
other  methods.  The  third  property  is  controlled  by 
free  ions  produced  by  the  dissociation  of  pairs;  it 
Involves  both  the  energy  of  migration  and  of  association. 
In  each  category,  understanding  the  difference  between 
Li'*'  and  Na'^  can  help  us  better  to  characterize  quartz 
crystals  and  to  understand  the  origin  of  frequency 
instabilities. 
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DIELECTRIC  LOSS  IN  Li-  Ai:i»  Na-SWEFT  'i-t>UART2  AND  THE  EFFECT  OF  IRRAUIATKW 
.1,  TOULOUSE  AND  A.S.  NOWICK 

Henry  Krumb  School  of  Nines*  Columbia  University* 

New  York,  New  York  10027. 


Alkali  ions,  which  compensate  for  substitlonal 
play  an  important  role  in  1*110  frequency  stability  of  «- 
quartz  crystals.  In  this  work*  low  temperature  dielectric- 
loss  measurements  (between  2.9  .and  100  K)  are  carried  out 
.•n  crystals  that  have  been  "swept"  so  as  to  introduce 
either  Li'*'  or  Na"*".  Hi^h  quality  synthetic  crystals  as  well 
as  natural  crystals  are  employed.  The  well  known  loss 
peaks  due  to  Al-Na  pairs  arc  further  expUtred  and  similar 
peaks  due  to  Al-Li  are  souKht  after  but  not  found.  It  is 
concluded  that  tlie  Al-Li  pair  is  oriented  nlou^  the  C2“axis 
of  the  AI04  distorted  tetrahedron.  After  irradiation, 

InrRC  peaks  are  observed  at  very  low  tenperatures  both  in 
Li'*'-  and  Na'*'-conta ininj*  crvst.als.  These  peaks*  which  are 
distorted  below  “6  K  due  to  the  onset  of  quantum  e'^fecls* 
may  ('ri^in.icc  in  alkali  centers  produced  when  alkali  ions 
are  liberated  by  the  irradiation. 

INTRODUCTION 


Ouartz-crystal  controlled  resonators  are  widely  used  where  there  are 
severe  ro<|uir€ments  of  frequency  stability,  e.j*.  in  communications  and 
guidance  systems.  [1]  For  such  applications  there  is  great  interest  in  the 
origins  of  frequency  instability,  both  in  the  presence  and  absence  of 
radiation  environments.  Such  frequency  instabilities  are  usually  traced  to 
the  presence  of  point  defects  in  the  crystals  and  to  changes  in  the  con- 
figuratkons  of  such  defects.  12*3) 

An  important  defect  In  o-quartz  crystals  Is  Ap'*'  substituting  for  Si*'*’ 
and  electrically  compensated  by  an  alkali,  or  hydrogen,  H^*  in  a  nearby 
interstitial  site.  lnform.-ic ion  about  these  defects  has  been  obtained  from 
a  variety  of  physical  techniques.  Thus,  infrared  absorption  measurements 
reveal  the  presence  of  OH'  stretching  vibrational  modes,  with  different  peak 
locations  for  different  environments  of  the  OH"  bond  (4,5)  In  particular, 
there  are  two  IH  hands  (at  3306  and  3367  cm"0  known  to  be  related  to  an  OH' 
adj^ent  to  a  substitutional  The  presence  of  associated  Al-Na 

pairs  has  been  shown  to  give  rise  to  low-temperature  dielectric  loss  peaks 
(7*8]  as  well  as  to  anelastic  loss  (internal  friction)  peaks.  [9]  Electrical 
conductivity  measurements  have  been  used  to  study  alkalis  liberated  thermally 
from  Al-K  pairs  at  elevated  temperatures.  (10)  Finally,  electron  spin 
resonance  (ESK),  which  only  detects  defects  possessing  unpaired  electrons* 
has  been  most  useful  after  irradiation.  (11)  It  has  most  prominently  focused 
on  the  aluminum-hole  (Al-h'*')  center  and  demonstrated  that  irradiation  above 
'250  K  results  in  the  liberation  of  alkali  ions  from  the  Al-M  pair.  (12] 

An  Important  advance  has  been  the  ability  to  replace  one  H'*’  ion  by 
another  through  electrodiffusion  or  "sweeping".  |13,91  This  technique  con¬ 
sists  in  .ipplying  an  electric  field  parallel  to  the  c-axis  of  the  crystal  in 
the  temperature  range  of  400-550*C.  If  a  Li'*’  or  Na'*'  salt  is  present  at  the 
anode,  th.il  ion  will  be  swept  into  the  crystal  and  rcpl.ace  existing  M'*'  ions. 
On  the  other  hand*  sweeping  carried  out  cither  In  air  01  in  hydrogen  replaces 
alkalis  by  H'*'  ions. 


Nat.  Saa.  foe.  Simp.  Pree.  Voi.  M  (19M)  ^Uaaviar  Scianea  mjaiiahiiip  co.,  Xne. 


The  present  paper  attempts  to  extend  furtlier  the  use  of  low'-tcmperecure 
dielectric  loss  measnromunts»  especially  with  swept  Siimplcs  containing;  one 
of  the  alkali  species  (either  Lt'*“  or  Na^)  at  a  time.  Both  nnirrad  l.ited  and 
X-irradiated  crystals  are  investi^aced. 

KXPLniMKNT.M.  Mrilions 

Dielectric  loss  measurements  were  performed  primarily  on  clear  natural 
quarts  from  Arkansas  and  hiy.h  quality  synthetic  quartz  from  flte  lijyo  company. 
Samples  from  these  two  sources  were  eleccrudif fused  (swept)  with  lithium, 
sodium  and  hydrogen  sep<arjtely «  by  Dr.  .1.  Marlin  at  Oklahom.i  State  hniversitv. 
In  the  case  of  the  alkalis,  chloride  salts  are  applied  on  the  sort. ices  of 
the  samples  which  are  then  placed  in  an  electric  field  of  several  V/cm. 
Hydrogen  sweepit^i;  is  carried  v)ut  in  a  hydrogen  atmosphere  under  much  larger 
electric  fields.  For  irradiation,  samples  were  exposed  to  X-rays  from  a 
tungsten  target  source.  The  X-ray  tube  was  operated  at  20  mA  and  UO  kV  and 
the  irradiations  Lasted  four  liours  (a  dose  rads). 

After  preparation,  the  samples  were  placed  inside  a  Super  Varltcmp 
(.lanis  Corp.)  cryostat  and  cooled  down  to  liquid  helium  temperature. 
Measurements  were  then  taken  upon  iicating  at  a  i'f  j'^pprox imate  1  y  1/100  K 

per  15  sec.  Temperatures  were  monitored  thro«q;ht:>e  vi»lt.ige  drop  appearing 
across  a  silicon  diode.  The  uncertainty  In  temperature  is  tO.OS  K,  while 
the  absolute  error  is  within  0.2  It. 

The  dielectric  loss  neasurements  were  made  using  a  ('icneral  Radio  1613  A 
bridge  assembly.  The  sample  was  part  of  an  electrical  circuit  with  a  con¬ 
tinuous  shield  connected  to  die  bridge  ground. 

All  crystals  wore  cut  and  measured  p.irallcl  to  the  c-axi»  except  where 
otherwise  mentioned. 


KK SUITS  AND  1)1  SfU'SSlON 


Unirradi.ited  Crysials 


The  Na-swept  crystals  presently  studied  sliow  the  pair  of  low-tomporaturc 
dielectric  loss  peaks,  previously  reported  by  Stevels  and  Volgcr  pl  and  by 
Park  I8l,  which  are  attributed  to  Al-Na  pairs.  At  a  frequency  of  I  kHz 
these  peaks  appear  at  30  K  and  75  K.  An  example  is  given  in  Fig.  I  which 
compares  dielectric  loss  (tan  A)  for  the  natur.il  (NO)  crystal  as  received 
(unswept)  and  after  f.i-  and  Na-sweeping.  The  two  peaks  .ire  prominent  in  the 
Na-swept  samples,  very  small  in  the  imswent  and  absent  In  the  l.l-swopt  sample. 
The  30  K  peak  is  especially  interesting  as  a  very  scuisitive  me.isurc  of  the 
Al-Na  content.  Figure  2  shows  a  detailed  examination  of  the  peak  shape  of 
the  30  K  peak,  comparing  normalized  d.ito  for  the  Na-swept  synthetic  (SQ-A) 
and  natural  (N<))  crystals.  ft  Is  striking  chut  the  sh.ipes  arc  ncarlv  iden¬ 
tical  (except  for  .i  possible  small  (alt  on  the  high  1/T  side  for  die  synthe¬ 
tic  crystal)  in  spite  of  the  great  difference  In  origin  of  these  two  crystals 
and  a  peak  height  that  is  7  times  larger  for  the  natural  crystal. 


To  the  30  K  peak  i^bserved  by  dielectric  loss  measurements  there 
corresponds  a  53  K  anelastic  peak  .it  5  MHz.  I9,14J  By  comparing  the  tempera¬ 
ture  location  of  the  dielectric  peak  at  I  kHz  with  that  of  the  anelastic  peak 
at  5  MHz,  one  obtains  d.e  value  K|-  ■  0.051  eV  for  the  activation  enthalpy, 
and  jjf  =  2  X  10^^  sec“*  lor  the  pre-exponent laL  In  the  Arrhenius  expression. 


;  *  •  exp  (-ll/kT) 


(1) 


f<ir  Che  relax.it  ion  time  i.  From  the  peak  width  of  Fig.  2,  an  apparent 


The  peak  hci^'.hts  an.-  expeileil  to  be  propt^rt  ional  in  t  !u*  i  onn-nt  r.»t  ion 
of  Al-Na  pairs,  an<i  sinro  the  30  K  peak  is  li  time-s  far>%r  than  the  7S  K 
peak  it  IS  the  more  sensitive  imitc.itttr  «*t  Al-Na  pairs.  i>nr  studv  i*f  the 
synthetic  Sn-A  sample  allows  i  caUhratitnt  i»f  the  10  K  p€*ak.  Ila  1  I  j  l)iirt  on  et 
al »  {11,12)  develi'ped  a  method  lor  (let  erni  in  int*  the  A!  conliiii  «*f  a  ([narlz 
crystal  by  convertin^i  all  <‘1  it  into  Al-h»»le  (Al-h"*')  eenlers  tlirou>-h  an 
appropriate  irradiation  procedure;  these  centers  are  then  del  ei  i  ed  .lad  I  lu  i  r 
concentration  determined  throuy.h  ilSH  measurements.  In  tlii-.  wav,  they  fomnl, 
for  an  SQ-A  sample  iron,  the*  same  h.ar  as  our  sample,  a  value  oJ  14.4  ppm  Al  . 
It  we  assume  that  our  Na-swept  SQ-A  sample  possessed  the  s.ime  Al  content  .and 
the  Na  sweeping  converted  all  of  the  A!  to  Al-Na  defect  pairs,  thin  our  peak 
height  tan  ‘max  •  22.1  x  10“  must  correspond  to  14.4  ppm  «.»l  Al-.\a  deftn  is. 
This  result  then  gives  a  ralibratii»n  const. int  of  l.b  x  10“ ’/ppm. 

We  can  now  use  this  r.^librailon  consi.iot  to  obtain  af>propr  i.Jte  (li|K>le 
strength.  In  order  t('  d<'  this,  we  need  to  consider  the  oriyitj  of  the  two 
Al-Na  peaks.  This  qitest  ion  f«as  bi-en  ex.'imtned  in  .s<*n>e  detail  earlier 
It  was  deduced  that  the  Na"^  can  reside  in  two  n<*!»-e‘jiiivalent  pc'sitions  (^iav, 
nn  and  nnn)  about  the  dist(»rted  AlO^  tetrahedron  (tbtained  when  substi¬ 
tutes  for  in  the  a-quartz  structure,  shown  In  Fig.  3.  Since  there  is  a 

2-fold  symmetry  axis  {C2)  parallel  to  the  x-axis,  each  of  the  two  Na"^  sites 
is  m.ntched  by  an  equivalent  site  gencr.ated  bythe  C2  operation.  Application 
of  an  electric  field  produces  a  redistribution  of  the  Al-Na  dipoles  among 
each  of  the  two  sets  ot  equivalent  pairs,  it  was  concluded  that  the  lower 
temperature  peak  is  due  to  reorientation  between  the  two  equivalent  nn  con¬ 
figurations  of  the  pair,  while  tlie  higher  temperature  pe.ak  is  due  to  the  nnn 
configurations.  The  magnitude  of  the  peak,  i.s  related  to  the  relaxation 


St  rength 


c-axis)  which  Is  given  by 


is  the  dielectric  constant  parallel 


'  2  tan  f.„ax  -  M 


whare  Oj  Is  tlic  number  of  dipoles  (Al-Na  pairs)  per  unit  volume  am'  .13  the 
component  of  the  dipole  moment  parallel  to  the  c-axis.  Applyinp  Kq.(2)  to 
Che  low-cempcrature  peak*  and  substicutln>;  the  above  cal  ibr.it  jon  ci>nstant» 
gives  1^3  •  5  X  lO"’*"  C-m.  If  we  simply  set  U3  -  CX3,  in  which  X3  is  the 
separation  of  charge  in  the  c-dlrectlon,  a  reasonable  value  of  X3  '  0.3  A  is 
obtained. 


KIC.  3.  Diagram  showing  pan  of  the  unit  cell  of  u-quartx  roniainlng 
a  substitutional  Al  3+  that  forms  an  AIO4  distorted  tctralieilron.  Ttie 
two-fold  syrnmetry  ails,  Cj,  which  1  Ick  para' 1cl  to  t  he  x-ax  i  s.  Is  al  so  shown. 


*  .•’i  \ 

^  nV  a\  ^ 


Tabic  1  |ircscnts  n  stinun^uy  o)'  Siinic  <<r'  llic  results  obtained  lor  the  )0  K 
peak  tor  v.iriovis  s.impU-s.  in  Lhc  iinal  iiolinnn  Liic  calibration  constant  is 
used  to  convert  pe.ik  heights  into  concentrations  of  Al-Na  pairs.  It  is 
interesting  tlint  in  botli  the  natural  ami  synlbeiu:  crystals  lUtly  a  ver'.  small 
amount  of  Al-Na  is  present  in  the  as“gr<»wn  matcri.il .  In  the  case  ot  hi^'h 
(juality  synthetic  crystals,  such  as  the  S('-A,  y.rown  with  l.i'*'  in  the  mineral¬ 
izer.  this  untloubtc<lly  moans  that  most  Al  •'  is  associated  witfi  I.i^  rather 
tlian  Nii^.  since  there  is  no  evldetu'e  in  tliese  crystals  for  infrared  absorp¬ 
tion  due  to  Al-OH  centers.  [181 

TABI.lil  1.  Results  for  the  10  K  peak  of  various  samples. 

Peak  Height  , 

Samp le  tan  >S.nax  10''  ppma  N.i 

SQ-A  onswept  3.2  2.1 

SQ-A  Na-swept  22.1  14. 4 

NQ  unswept  0.8  O.j 

NO  Na-swept  7  ^51  100 


In  view  of  the  usefulness  of  the  Al-i'la  loss  peaks  to  monitor  N'a  content, 
we  have  attempted  to  find  similar  p<‘aks  «lue  to  Ai-Li  pairs  by  examining 
several  unswept  and  bi-swepr  samples  cut  both  parallel  and  perpendicular  to 
the  crystal  c-axis  and  over  the  entire  temperature  range  from  2.9  to  290  K. 

In  all  of  tiiese  experii.:enLs.  no  identifiable  peak  was  Tounti  (in  contrast  to 
Stcvcls  and  Volgcr's  (71  claim  of  a  I.i  peak  at  60  K  for  32  kHz).  The  middle 
curve  of  Fig.  1  shows  one  of  Che  best  examples,  that  of  a  Li-swept  natural 
crystal.  In  this  case,  for  which  the  Al  content  is  lOU  ppm  (see  Table  1) 
there  is  no  evidence  for  any  peak  as  large  as  tan  t^max  *  I  ^  10"^.  (Kven 
small  fluctuations  in  Fig,  1  which  might  hide  very  small  peaks  were  later 
shown  by  remcas<ji cnenc  nof  to  be  peaks.)  Thus,  using  Kq.(2),  jf  a  Al-Li 
peak  exists  lor  measurements  parallel  to  the  c-axis  it  must  correspond  to  a 
value  of  U'j  at  least  an  i)rder  of  magnitude  smaller  than  for  Al-Na.  Similarly, 
meafiuremoiu s  on  perpendicularly  cut  crystals,  for  which  the  corresponding 
relaxation  strength  is  given  by  {{7,16] 

wlicre  1)2  is  the  component  of  dipole  moment  in  the  y-directlon  of  the  crystal 
(see  i'ig,  1).  is  also  exceedingly  small*  It  is  noteworthy  that  anelastic 
rel.ixation,  which  involves  the  same  relaxatlonal  mode  as  '  117],  Is  also 

absent  for  l.i-swept  crystals  over  a  similar  temperature  range.  [19] 

It  is  ihemfore  c<Mieludod  that  the  Al-Li  pair  must  be  oriented  parallel 
t*'  the  x-axis,  l.e.  Che  direction  of  the  2-folU  (('2)  symmetry  axis  of  the 
iTvstal  shown  in  Fig.  1,  This  tiu*aiis  that  the  two  equivalent  sites  between 
which  reorientation  o<  curs  for  the  ease  of  have  now  collapsed  into  a 

single  site,  so  that  the  possibility  tif  reorientation  under  an  electric 
field,  i.e.  for  dielectric  relaxation,  no  longer  exists.  A  possible  explana- 
I  i‘jn  for  the  orientation  of  the  Al-I,i  pair  .along  the  related 

to  the  small  size  of  the  Li'*’  ion  which  may  permit  it  to  sit  between  two 
ovy^ren  ions  of  the  AlO/,  tetrahedron.  On  the  other  hand,  the  No+  ion  Is 
believed  iti  prefer  to  form  an  O-Na  bond  with  one  of  the  four  t'xygen  ions  of 
tlif  tetrahedron.  18]  One  way  to  further  explore  these  defect  conf igurat ions 
is  hy  compuier  simulations  using  the  IIADLS  or  CASCADE- type  programs.  (20) 

Such  fflethi’ds  l»ave  given  insight  Into  the  lowest-energy  <H)nr  igurat  ions  of 
ilitferent  delect  clusters  in  a  variety  of  Ionic  crystals  and  may  also  be 
iiselul  in  the  present  case. 
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X-irradi.iti«'n  at  roiirr  lemper.n  iirt‘  prodiues  a  lar^y  (U«*  Uh  l  r  j  i  -  loss  peat' 
at  very  l<iw  temperatures  in  «tU  of  the  samples  stiidied.  KiKurt  U  shi'ws  t  lie 
results  tor  SO-A  svnthetie  crystals  that  had  been  l,i-,  Na-  and  M-swept.  1 1> 
the  Na-swepi  case,  the  30  K  (lOO/T  =  t.3)  M-Na  peak  is  <  oi,s  i  dcr.ih  I  v  tt.lufed 
and  rep  1  Jced  by  a  hupe  peak  at  H.4  K.  A  similar  peak  is  present  l»«r  the  I-i- 
swept  case,  but  it  is  located  at  a  lower  temperature  of  b.H'>  K.  Ilu  li-swe|>i 
sample,  on  tlie  other  hand,.,  shows  a  snciller  loss  wo  1  1 -def iius!  peak  alter 
irradiation.  In  all  cases,  the  dielettrir  loss  dt)es  not  deoreasc  ?;li.»iplv  i>n 
the  low-temperature  (hiph  1/T)  side  of  the  peak  but  oltliot  levels  of  I  t»r 
begins  to  rise  gradual iy  apain. 

Further  Information  can  be  obtained  from  tin*  effect  t»l  the  mcasurinp, 
frequency  on  the  peak.  In  most  c.ises  measurements  wi?re  macit*  at  two  frcupicn- 
cies,  generally  I  kHz  and  3  kHz.  Ki^;ure  5  shows  a  typical  pair  of  curves 
for  the  natural  (NiJ)  Na-swopt  crystal,  plotted  as  T  tan  f  vs.  I/T.  (The 
choice  of  T  tan  i'-  is  made  based  on  K(|.(2)  which  shows  that  tan  varies 

inversely  as  T.)  The  figure  shows  t!»e  usual  shift  to  higher  peak  tem)»erature 
with  higher  freriuency,  hut  also  that  t.»n  (■  decreases  much  more  sharply  «»n 
the  low-tempcrature  side  .it  5  kHz  than  at  I  kHz.  This  behavior  strongly 
suitpests  that  the  low-temperature  shelf  in  the  data  «»f  Kip..  4  at  I  kHz  is  not 
an  additional  ba<kground  effect,  but  arises  because  the  relaxation  time  does 
not  continue  to  obey  the  Arrhenius  equation  (J)  down  to  the  lowest  iimi>era- 
tures.  Such  behavior  is  to  be  expected  when  quantum  effects,  e.p.  quantum- 
mechanical  tunneling,  set  in  at  low  temperatures,  so  that  i  varies  only 
slowly  with  1  in  that  range.  This  conclusion  was  also  suggested  by  de  Vos 
and  Volgcr  |211  from  their  studies  ol  dielectric  loss  in  natural  smokyquart? 
cryst.ils,  where  they  measured  the  relaxation  peak  as  a  function  of  frequenev 
at  a  series  ol  fixed  temperatures.  Figure  3  also  shows  that  the  irradiation 
peak  is  much  larger  in  the  natural  crystal  than  in  the  synthetic,  consist' ni 
with  the  much  higher  A1  content  of  the  natural  crystal.  U  is  also  interest¬ 
ing  that  the  peak  temperature  is  hlRbcr  for  the  NQ  than  for  the  SQ-A  Na- 
swept  samples,  i.e.  tlie  peak  temperature  is  dependent  on  the  total  Al-M*^ 
impurity  content. 
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F1C.  4.  Dielectric  loss  of 
three  differently  swept  syn¬ 
thetic  SQ-A  s.'imples  following 
X-irradiation. 


In  L{'  ublain  liu*  drpLMulence  of  t  lu-  rolax.it  ion  c  imn  :  on  lem}Hratiire 

i*vt*r  l  lu-  rnn>;t'  ol  the  po.''^ ,  tbc  fi>ll*»winp.  mothod  ol  an.ilvt»is  w.is  useii.  The 
lu-.ik  was  fxprcssoii  in  the  Fmi.ns-Kirkwood  l«»rni  I  1^1 

T  tan  ^  *  A  soch  -x  (^) 

wlioro  A  -  (T  t.in  x  *  In  .1  and  ■»(..  1  )  is  .»  p.irametor  tliat  dflorminos 

( iio  widilt  ot  the  d  i  st  r  ihnt  ion ,  a  Dohvo  pi'ak  h.ivin^  the  v.ihic  i-  I.  hala 
ior  two  diMcront  1  i  eqnonc  ios  wi>ro  nt  i  1  Izod  ,  .ind  it  was  required  Lli.it  }(T) 

M.nn  l>oth  sets  ol  data  etime  out  Ihi*  s.iftit*.  With  the  aid  of  a  <*c»mpurer  pro- 
^•r.iiii,  od)  is  raUulaied  from  this  requirement  and  then  1  (T)  is  oljtained. 

I  he  values  ol  a  fall  in  the  ranp.e  O.h  l«»  O.tt.  The  curves  1  (T)  so  e.enera- 

le*.l  are  shown  in  (i  f<>r  hi-  .in«l  N.i-swept  S(»-A  synlhetie  s.implcs.  hath 

curve  shows  an  Arrhenius  at  the  hiv.her  temperatures  and  .'i  ‘luantum 

r  .nu'.e  at  low  t  empei  at  ures .  In  this  ?;ense*  tht'fe  is  aj»reement  with  de  Vos  and 
Voli;ei  l-li|  who  also  limnd  two  such  siap.cs.  The  at  1 1  vat  ion  energies ,  obt  a  ined 
t  rom  the  Arrbenitis  raiq»e  in  Fifi.  6  art?  S.I  ainl  7.')  nieV,  respectively  for  the 
hi-  aiul  Nu-swe[>t  sample's.  The  corresptint!  inp,  ' values  .are  1.3  x  10'  and 
3.b  y  10  sec~'  .  The  low  temijeraturc  rantje  «hows  'i  «•  1/T,  which  is  indicative 

of  pbonon-assistod  tunnelino. 

Anneal  iu)-,  experiments  were  also  carried  out.  The  low-temperature  irra¬ 
diation  pe.tk  .inneals  out  in  the  rantte  between  430  .uui  330  K,  .as  sliown  in  KiK. 
7.  I\>r  the  Na-swepf  samples,  the  AJ-Na  peak  is  restored  as  the  i  rr.ul  iat  ion 
peak  detii-asoK.  It  is  striking  that  the  .annealing  curves  for  the  hi-swepL 
(or  unswcpC  ,  whieli  contains  mostly  hi)  and  Na-swept  samples  .are  different, 
witli  tht*  Na-.swept  sample  annealing  at  higher  temperatures  and  in  a  narrower 
temperati:re  range  than  the  Li-swept. 

The  question  of  the  origin  of  these  low-tempcmture  irradiation  peaks  is 
a  most  interesting  one.  Clearly  the  peak  height  is  related  to  the  total  Al 
content  (<orapare,  e.g.  SQ-A  and  NQ  samples)  and  is  more  prominent  when  alka¬ 
lis  «ire  present  than  H***  (see  H-swept  in  Kig.  4).  If  either  all  of  the  Al  or 
the  alk.ili  present  is  involved  in  this  peak,  the  corresponding  dipole  moment 
(sec  r.q.<2)l  obtained  is#^5  times  greater  than  that  for  the  Al-Na  peak. 

The  low  pre-cxponcnc ial  value  in  the  Arrhenius  range  as  well  as  the  onset  of 
quanivim-mcrhanical  tunneling  at  the  lowest  temperatures  suggest  that  an  elec- 
tfi'nlc  defect  is  involved  in  the  relaxation.  The  aluminum-hole,  Al-h'*’, 
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FIG.  3.  Plot  of  T  tan  A  versus  1/T  for  a  natural  (N^)  Na-swept  crystal 
after  irradiation,  as  measured  at  1  and  5  kHz. 


center  which  is  present  after  irradiation  and  gives  rise  l^-  a  well  known  l.sK 
spectrum  111],  has  been  suggostc-d  as  the  seurre  of  this  peak,  i .’ )  j  nhiit*- 
lions  to  this  suKpostion,  however,  .in  the  fact  that  l  lie  peak  is  iliMi-nni 
fi-r  Nd-  and  !  i-swe[it  crs'tals  4j,  and  lliat  aime.ilinp  i  lie  Al -•  h"*^ «  eni  e  r 

.js  measured  directly  by  KSK,  appears  to  ocenr  at  somewliat  hiphei  i  enpt  r  at  nri' 
(12)  than  observed  here.  Al  t  ern.ii  i  ve  1  y ,  we  may  consiiU-r  alkali  (M"*  »  lenters. 
A  simple  .i  lak  I  i-e  I  ect  ron  center  (M-e“>  is  out  likely  sjint-  >.m  li  .i  -eiitei 
wi>uld  have  a  veil  defijH'd  KSK  spectrum,  wliiih  has  not  heei'  ofisj  rve.l  in  irr.i- 
Jiated  samples.  122)  A  nuire  complex  alkali  center  iti.iv  lu-  involvtt!,  Imwi  vi  r. 
For  example,  it  niiiy  cont.iin  tw<»  eiectriuis  .ind  possffilv  ati  oxveen-j.  n  v.n.iiuv. 
The  p<issibility  that  these  ilielectrie  loss  peaks  orip.iiiate  in  an  .ill.ili 
center  is  of  great  interest,  since  there  has  been  n»*  evidence  iron,  other 
techniques  to  iiulicatc  what  beconics  of  the  alkali  ion  .liter  it  is  lihet.iieU 
f  r<»m  a  Al-M^  p.iir  by  irra^lial  ion.  Further  work  is  required,  howi-vt  r  ,  before 
the  origin  of  these  interest  in>',  radiation  induced  tl  ie  lect  r  n  -  loss  pe.iks  i  ;in 
defiiutel>  ho  established. 


FIG.  6.  Comparison  of  log  T  vs.  l/T 
plots  for  Na-swept  and  Li-swept 
synthetic  SQ-A  samples,  calculated 
from  the  irradiation-induced 
dielectric  loss  peaks  as  described 
in  the  text.  The  dashed  line 
represents  T  '''  l/T. 


FIG.  7,  Isochronal  annealing 
curves  of  irradiation-induced 
dielectric  loss  peaks  for  Li- 
swept  and  Na-swept  natural  fNO) 
crystals.  The  ordinate  plots 
the  relative  peak  height,  and 
the  anneal  time  is  15  min. 
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EFFECT  OF  IRRADIATION  AND  ANNEALING 
ON  THE  ELECTRICAL  CONDUCTIVITY  OF  QUARTZ  CRYSTALS 


E.R.  Green,  J.  Toulouse,  J.  WacLs  and  A.S.  Nowick 
Krumb  School  of  Mines,  Columbia  University 
New  York,  N.Y.  10027 


Summary 


In  order  to  better  understand  the  defects  produced 
in  a-quartz  by  irradiation,  electrical  conductivity 
measurements  provide  a  valuable  tool.  A  detailed  study 
was  made  of  the  radiation- induced  conductivity  (RIC)  of 
a  variety  of  crystals,  including  both  cultured  and 
natural  crystals  that  had  been  either  Li-  or  Na-swept. 
x-ray  irradiation  was  carried  out  at  and  below  room 
temperature  (from  150-300  k)  and  subsequent  annealing 
up  to  •  450°  C.  Imnediately  after  low- temperature 
irradiation  the  RIC  showed  an  activation  energy,  E,  of 
0.28  *  0.02  eV.  With  annealing  E  increased  and  the  RIC 
decreased.  Irradiation  at  150  K  gave  a  larger  RIC  than 
irradiations  above  200  K,  where  alkalis  M*  are  known  to 
be  released  from  A1-M+  pairs.  Isochronal  annealing  to 
elevated  temperatures  showed  an  overshoot  phenomenon, 
whereby  the  conductivity  fell  to  values  below  those  of 
the  unirradiated  crystal,  after  which  it  annealed 
upwards. 

Consideration  of  the  principal  results  of  these 
experiments  led  to  the  conclusion  that  the  RIC  is  most 
readily  explained  in  terms  of  electronic  rather  than 
ionic  defects,  viz.,  polaron-like  holes  that  have  a 
hopping  activation  energy  of  0.28  eV.  There  remain 
questions  to  be  answered,  however,  before  this 
mechanism  can  be  regarded  as  definitely  established. 

Introduction 

The  effects  of  radiation  on  the  frequency  of 
quartz-crystal  resonators  is  well  known. Radiation 
induced  changes  in  frequency  are  related  to  changes  in 
defect  structures  induced  by  the  radiation.  Of  central 
importance  in  this  regard  is  the  Al-M*  defect,  where  A1 
denotes  an  Al^*  ion  substituting  for  Si^'*',  and  M*  an 
alkali  (primarily  Li'^  or  Na+)  located  in  an  adjacent 
interstitial  position.  The  Al-Na*  center  can  be 
detected  through  a  characteristic  pair  of  anelastic 
loss  geaks^  as  well  as  by  a  pair  of  dielectric  loss 
peaks.°>^  There  are  no  comparable  Al-Li+  peaks, 
however.^  It  has  been  shown®,’  that  irradiation  at 
temperatures  above  ZOO  K  liberates  the  alkali  from  the 
A1-M*  pair,  replacing  it  either  with  a  hole  h*  or  a 
proton  H*  which  binds  to  a  nearby  oxygen  ion  to  form  an 
OH"  ion.  The  corresponding  Al-h*  defect  is  directly 
observable  by  means  of  electron  spin  resonance  (ESR) 
measurenentslO  while  the  Al-OH  center  is  observable 
through  characteristic  infrared  (IR)  absorption 
bands. Thus,  techniques  are  available  for  the 
study  of  the  formation  and  annealing  of  these  two 
centers.  On  the  other  hand,  our  ability  to  follow  the 
course  of  the  alkalis  subsequent  to  their  liberation 
from  Al-M*  centers  by  Irradiation  has  been  very  limited. 
Radiation  induced  dielectric  peaks  at  very  low 
temperatures  have  been  studied  which  appear  to  be  due 
to  alkali  centers, but  the  details  concerning  such 
peaks  are  not  yet  fully  sorted  out.  Yet  there  is 
considerable  evidence  that  radiation- induced  frequency 


changes  are  greatly  influenced  by  defects  involving  the 
alkalis. 

An  opportunity  to  follow  the  alkalis  subsequently 
to  irradiation  is  offered  by  electrical  conductivity 
measurements.  It  is  well  known  that  the  conductivity  of 
unirradiated  a-quartz  crystals  is  ionic  in  origin  and 
that  the  carriers  arc  ions  liberated  from  Al-M*  pairs, 
which  then  migrate  preferentially  along  the  open  c-axis 
channels  of  the  crystal  structure. ^3  Radiation-induced 
conductivity  (RIC)  has  also  been  studied.  Here  it  was 
Shown  (using  a  pulse  irradiation  source)  that  there  are 
two  effects:  one  at  very  short  times  (n.  msec)  which  has 
been  attributed  to  electronic  defects,  and  the  second  at 
longer  times  which  has  been  attributed  to  M*  ions  freed 
from  Al-M'*'  centers.^  A  strong  argument  that  the  longer 
term  RIC  is  due  to  M*  ions  is  the  high  anisotropy  of  the 
effect,  viz.  the  fact  that  the  conductivity  parallel  to 
the  c-axis  is  much  larger  than  that  perpendicular  to  th^ 
c-axi$,  suggesting  the  migration  of  interstitial  ions  in 
the  open  channel 

The  present  work  is  a  further  and  more  detailed 
study  of  the  long-term  RIC  and  of  the  effects  of 
annealing  after  irradiation.  Most  of  the  crystals 
studied  were  electrodif fused  ("swept”)  so  that  the 
alkali  present  was  essentially  either  all  Li*  or  all 
Na*.  X-ray  irradiation  was  carried  out  at  and  below 
room  temperature,  and  the  effects  on  conductivity 
imnediately  following  the  irradiation  and  after  step 
annealing  up  to  temperatures  •v  450°  C  will  be  reported. 
The  work  leads  to  conclusions  that  were  initially  quite 
unexpected. 

Theory  of  the  Conductivity 

This  section  will  review  some  of  the  basic 
equations  that  describe  the  conductivity  and  will  be 
required  for  later  reference. 

If  the  conductivity,  o,  is  dominated  by  one 
carrier,  e.g.  the  alkali  ion,  M*,  it  can  be  expressed 
as 

a  »  x^N^eu^  (1) 

where  x  is  the  mole  fraction  of  the  carriers,  N  the 
number  Of  Si02  molecules  per  unit  volume,  e  the  charge 
on  the  carrier  and  its  mobility.  It  is  the  quantity 
Uj  that  can  be  highly  anisotropic  in  the  crystal  of 
o-quartz.  Except  where  otherwise  stated,  in  this  paper 
w-  and  0  will  both  refer  to  the  direction  parallel  to 
the  c-axis.  In  general  both  x^  and  are  temperature 
dependent.  The  mobility  is  given  by 

u,  «  edV/kT  (2) 
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whi-rr  d  IS  the  component  of  jump  distance  parallel  to 
the  c-axis,  kT  has  the  usual  meaning,  and  is  the  jump 
frequency  of  the  carrier  defect,  given  by 

«c  "  '’o 

Here  (usually  -c  sec"*)  includes  both  the  attempt 
frequency  and  an  entropy  factor  for  the  migrating  defect, 
while  Em  is  the  motional  activation  energy. 

for  the  quantity  x,  there  are  two  important  cases. 
Under  equilibrium  conditions,  with  most  of  the  M* 
carriers  associated  as  Al-M*  pairs,  the  value  of  xc  is 
obtained  from  the  mass  action  relation  for  the  associa¬ 
tion  equilibrium,  and  takes  the  form: 

x^  «  exp  (-mEy^/kT)  (4) 

where  E/;  is  the  association  energy  of  the  pair  and  m  =  1 
or  1  depending  on  the  detailed  situation  involving  other 
defects. *3  Thus,  combining  eqs.  (l)-(4),  in  the  lower 
temperature  range  (where  association  is  nearly  complete), 
a  obeys  the  Arrhenius-type  relation 

oT  =  A  exp  (-E/kT)  (5) 

in  which  the  "conductivity  activation  energy"  E  is  given 
by 

E  =  Em  *  "-Eft  (6) 

The  preexponential  factor  A  can  also  be  explicitly 
evaluated. 

The  second  relatively  simple  case  for  Xj.  is  the 
nonequilibrium  one,  where,  immediately  after  irradiation 
Xj  IS  frozen  in  at  a  constant  value,  independent  of 


temperatiifp.  This  applies  so  long 
kept  low  enough  to  avoid  annealing, 
again  obtain  Eq.  (5),  but  now 

as  the  temperature  is 
In  this  case,  we 

E  =  E„ 

m 

(7) 

and 

A  =  x,N,d^e^v:/k 

CO  0 

(8) 

Since  all  other  constants  are  reasonably  well  known, 

Eq.  (8)  may  be  used  to  calculate  x^.  from  the  experimen¬ 
tal  value  of  the  preexponential  factor  A. 


Methods 

The  principal  cultured  crystals  studied  were  high 
quality  crystals  taken  from  the  Z-growth  region;  Toyo 
Supremp  0  (bar  SQ-A),  Sawyer  Premium  Q  (bar  PQ-E)  and 
High  aluminum  grown  in  the  Soviet  Union  (bar  HA-A).  The 
natural  crystal  (NQ)  was  a  clear  crystal  from  Arkansas. 

Electrodiffusion  experiments  were  carried  out  at 
Oklahoma  State  University  by  Dr.  J.  Martin.*®  These 
included  Li*  sweeping,  Na*  sweeping  and,  in  one  case,  H* 
sweeping . 

X-ray  irradiation  was  carried  out  for  a  period  of  1 
to  4  hours  using  a  conventional  tungsten-filament  tube 
at  40  kV  and  20  mA.  The  dose  was  •s  3x10®  R.  The  very 
soft  X-rays  were  filtered  out  by  the  layer  of  sputtered 
silver  used  as  electrodes. 

For  irradiation  below  room  temperature  a  special 
ipll  was  built  to  make  it  possible  to  carry  out 
conductivity  measurements  without  warm-up.  The  cell  was 
cooled  with  a  dry- ice/ethanol  mixture  and  with  liquid 
r.itrocjen  for  still  lower  temperatures.  With  the  aid  of 
a  heating  coil  it  was  possible  to  achieve  the 


temperature  range  from  150  -  400  K  in  this  apparatus. 

For  the  higher  temperature  measurements  the  sample  was 
placed  in  a  standard  conductivity  cell  which  could  qo  uo 
to  500°  C. 

Conductivity  measurements  were  made  with  a  General 
Radio  type  1620A  Capacitance  Bridge  assembly  over  the 
frequency  range  20  Hz  -  100  kHz.  In  most  cases,  complex 
impedance  analysis  was  used  to  obtain  the  bulk  conduc¬ 
tance.  *■’  The  samples  were  plates  of  surface  area  1  cm2 
and  thickness  1.0  -  1.5  mm  coated  with  sputtered  silver 
electrodes. 

Results 

Unirradiated  Crystals 

A  listing  of  the  samples  studied  and  the  best 
estimates  of  their  A1  contents  is  given  in  Table  I.  (In 
most  cases  the  A1  content  was  obtained  from  the  peak 
height  of  the  principal  Al-Na  dielectric  loss  peak  in 
the  Na  swept  material;  in  some  cases  the  strength  of  the 
Al-h*  ESR  signal  after  the  irradiation  sequences  of 
Markes  and  Halliburton^  was  used).  Arrhenius  plots  of 
the  conductivity  are  given  in  Fig.  1.  At  the  lower 
temperatures  all  of  these  plots  give  good  straight 
lines.  Table  II  lists  the  activation  energies,  E,  and 
preexponentials.  A,  obtained  from  these  straight  line 
portions.  The" results  show  that  differences  in  o 
between  Li-swept  and  Na-swept  samples  from  the  same 
stone  are  small,  generally  well  within  an  order  of 
magnitude.  Except  for  the  HA-A  samples,  ol^  >  o^j-, 
however  E.  .j  is  slightly  greater  than  Euj  for  all  of  the 
cultured  crystals.  It  should  be  recalWd  that  E  is 
made  up  of  terms  related  both  to  the  motion  and  the 
association  energy  of  the  carrier  [Eq.  (6)].  The 
significance  of  these  results  and  of  the  corresponding 
preexponentials.  A,  will  be  discussed  elsewhere.'^ 

The  two  lowest  curves  of  Fig.  1  are  especially 
interesting.  The  second  lowest  is  the  SQ-A  H-swept 


Table  I.  Crystals 

Studied. 

Name 

Type 

A1  (ppma) 

NQ 

Natural 

69 

SQ-A 

Cultured 

(Toyo) 

13 

PQ-E 

Cultured 

(Sawyer) 

15 

HA-A 

Cultured 

(Russian) 

355 

GEC 

Cultured 
(GEC  Ltd) 

<0.1 

sample  (i.e.  air  swept).  It  shows  that  substituting 
for  alkalis  lowers  o  by  two  orders  of  magnitude,  yet 
keeps  E  unchanged.  This  strongly  suggests  that 

residual  alkalis  are  still  the  carriers,  and  that  H* 
is  far  less  mobile  than  alkali  ions. 

The  lowest  curve  is  that  for  the  highest  purity 
(GEC)  sample 18  and  indicates  that  here  too,  o  is 
suppressed  because  of  the  very  low  alkali  content.  The 
similarity  between  this  curve  and  that  of  the  H-swept 
SQ-A  sample  in  Fig.  1  is  quite  striking. 

Irradiated  Crystals:  Low  Temperatures 

With  the  apparatus  described  earlier,  it  has  been 


1.  Arrhenius  plots  of  the  conductivity  (log 
-:T  vs.  T'*)  for  various  unirradiated  samples. 


possible  to  carry  out  irradiations  below  room  tempera¬ 
ture  and  then  to  begin  measurements  itmediately  in  situ. 
Three  different  sets  of  samples  were  investigate7~in 
this  manner;  HA- A  and  NO  (both  Li  and  Na- swept),  and 
PQ-E  (Li-Swept  only).  Figure  2  shows  results  for  NQ-Li 
after  irradiation  at  210  K.  Curve  (a)  is  the  initial 
run  (up  to  -29°  C);  then  after  several  additional  runs 
■in  this  temperature  range  (not  shown),  curve  (b)  was 


Table  11.  Sunmary  of  Results  on  Conductivity  of 
Unirradiated  Samples. 


Sampl  e 

ileV) 

A(n'^cm'^ 

NQ-Li 

1.11 

1.4  X  10* 

NQ-Na 

1.19 

1.2  X  10® 

riA-A-Li 

1.38 

1.9  X  10^ 

HA-A-Na 

1.32 

1.6  X  10^ 

SQ-A- Li 

1.43 

1.5  X  10^ 

SO-A-Na 

1.36 

2.2  X  10® 

SO-A-H 

1.42 

2.3  X  10® 

GEC-Low  AT 

1.42 

1.4  X  10® 

T  rci 
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Fig.  2.  Conductivity  plots  of  an  NQ-Li  swept 
sample  irradiated  at  210  K:  a)  immediately  after 
irradiation,  b)  after  several  runs  below  -29°  C,  and 
c)  after  a  Jh  anneal  at  4°  C. 


obtained,  showing  that  only  a  small  amount  of  annealing 
and  virtually  no  change  in  activation  energy 
(E  =  0.29  eV)  have  occurred.  After  }h  at  4“  C  curve  (c) 
is  obtained,  showing  considerable  annealing  and  an 
appreciable  increase  in  E. 

It  is  noteworthy  that  o  in  curve  (a),  say  at  220  K, 
is  10’ 'times  higher  than  the  value  extrapolated  from 
Fig.  1  for  the  same  crystal.  In  this  sense,  then,  the 
effect  of  irradiation  is  truly  spectacular.  For  the 
same  irradiation,  high  quality  cultured  crystals,  such 
as  SQ-A  and  PQ-E  give  initial  conductivities  almost  an 
order  of  magnitude  lowei  than  that  for  the  natural 
crystal,  NQ,  but  of  course  still  enormously  greater  than 
the  equilibrium  values. 

Figure  3  shows  the  effect  of  irradiation  tempera¬ 
ture,  showing  initial  runs  on  a  PQ-E-Li  swept  sample 
after  two  different  irradiations,  one  at  150  K  and  the 
other  at  240  K.  It  is  striking  that  the  conductivity 
after  150  K  irradiation  is  so  high  even  though  the 
irradiation  temperature  lies  below  the  range  in  which 
alkalis  are  liberated  from  Al-M*  centers. ®>9  Table  HI 
summarizes  the  results  for  the  various  as- irradiated 
samples  showing  the  values  of  E  and  A  obtained  as  well 
as  the  conductivity  at  -51°  C  (1000/T  »  4.5).  It  is 
interesting  that  the  initial  activation  energies  fall 
within  a  narrow  range  of  0.28  i  0.02  eV  except  for  the 
sample  irradiated  at  the  highest  timiperature  (240  K). 

The  final  column  of  Table  III  is  the  value  of  xc 
calculated  from  Eq.  (8)  and  the  measured  value  of  A, 
under  the  assumption  that  E=Em  (i.e.  x^  is  a  constant). 

As  annealing  after  irradiation  is  continued  at 
higher  and  higher  temperatures  or  for  long  time  periods, 
o  continues  to  decrease  and  E  to  increase,  in  the  manner 
already  shown  in  Fig.  2.  Further  annealing  studies 
were  carried  out  in  the  range  above  room  temperature. 

Irradiated  Crystals:  Elevated  Temperatures 

For  the  study  of  behavior  of  irradiated  samples 
well  above  room  temperature,  there  seemed  to  be  no  need 
to  Irradiate  below  room  temperature.  Therefore,  for 
convenience,  room  temperature  irradiations  were  used. 

As  already  indicated,  considerable  annealing  of  the 
conductivity  takes  place  as  irradiated  crystals  are 
warmed  up.  Figure  4  shows  a  series  of  isothermal 
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Fly.  3.  Conductivity  plots  of  a  PQ-E-Li  swept 
sample  immediately  after  irradiation  at  two  different 
temperatures:  150  K  and  240  K. 


anneal  int)  curves  carried  out  at  successively  increasing 
temperatures.  It  shows  a  surprising  reversal  of  the 
direction  of  annealing.  Thus,  while  a  decreased  with 
time  at  temperatures  up  to  219°  C,  it  remained  almost 
constant  at  240°  and  267°  C,  then  started  to  Increase 
isothermal ly  at  331°  and  higher.  It  is  helpful  to  plot 
the  data  i sochronal ly ,  as  in  Fig.  5.  Here  we  plot  log 
■T  versus  I/T  in  the  usual  way,  but  comparing  the 
egui librium  data  of  Fig.  1  with  values  obtained  after 
jh  anneal  at  successively  increasing  temperatures.  The 
SQ-A  cultured  and  the  natural  NQ  samples,  both  Li  swept, 
are  shown.  The  cross-over  or  "overshoot"  effect 
demonstrated  in  Fig.  5  has  been  observed  for  all  of  the 
alkali  swept  samples  studied  after  irradiation.  Note 
that  the  conductivity  finally  returns  to  the  equilibrium 
curve  only  after  anneals  at  '•  450°  C. 

It  IS  illuminating  to  represent  the  annealing  data 
'as  a  plot  of  A  In  o  versus  temperature,  where 
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Fig.  4.  Isothermal  annealing  curves  carried  out  at 
successively  increasing  temperatures  for  NQ-Na  swept 
sample  after  room  temperature  irradiation. 


Alno"ln(o.  /o  )  (9) 

irr  umrr' 

Here  is  the  conductivity  of  the  irradiated  and 
isochronally  annealed  sample  while  is  that  of 

the  unirradiated  sample.  Thus  &  In  o^is  the  difference 
in  ordinates  between  the  Irradiated  and  unirradiated 
curves  in  Fig.  5.  ft  In  o  *  0  represents  the  cross-over 
of  the  two  curves,  while  negative  values  represent  the 
range  in  which  the  irradiated  curve  falls  below  the 
unirradiated.  Figure  6  shows  such  a  plot  for  the  NQ-Na 
swept  and  the  NQ-Li  swept  samples.  It  is  interesting 
that  the  ti-swept  case  crosses  over  sooner  than  the  Na- 
swept.  A  similar  plot  for  the  cultured  SO-A-Na  crystal 


Table  III.  Summary  of  Results  on  Conductivity 
of  As- Irradiated  Samples,  [x.  is  the  mole 
fraction  of  carriers  calculated  from  Eq.  (8)]. 


Samp  1 e 

Irrad.  Temp.  (°K) 

of  at  -51°  C 

E  (eV) 

A(ir'i 

:m-lK) 

>tc(ppm) 

NQ-Na 

21Q 

3  X 

10'^ 

0.27 

4.6  X 

10-3 

3  X 

10-2 

NQ-Li 

210 

8  X 

10-9 

0.29 

2.9  X 

10-^ 

1.8 

X  lO'l 

HA-A-Na 

215 

7  X 

10-11 

0.26 

4. 3  X 

10-8 

3  X 

10-^ 

HA-A-Li 

210 

3  X 

10-11 

0.30 

2.1  X 

lo--* 

1.4 

X  10-3 

PQ-E-Li 

150 

1.2 

X  10-8 

0.28 

2.9  X 

10"^ 

1.8 

X  10-1 

PQ-E-Li 

240 

6  X 

10-10 

0.34 

3.2  X 

10-2 

2  X 

10-1 
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Fig.  5.  Conductivity  plots  comparing  unirradiated 
sample  (circles)  to  Isochronally  (Jh)  annealed  sample  at 
successively  increasing  temperatures  following  room 
temperature  irradiation  (crosses).  Data  are  for  NQ  and 
SC-'l  samples,  both  Li-swept. 


is  shown  in  Fig.  7.  In  this  case  we  have  also  marked 
the  annealing  stages  observed  by  others  on  similar 
samples,  using  ESR,  IR  and  anelastic  relaxation 
w’tiiods.  Stage  I  is  the  region  in  which  Al-OH  centers 
inirease,  apparently  without  comparable  changes  in  the 
other  observable  centers.  Stage  11  is  the  well  defined 
annealing  stage  in  which  the  Al-h*  center  anneals  out 
with  a  partial  recovery  of  Al-Na'*.  Finally,  in  stage 
HI  the  Al-OH  centers  disappear  and  are  replaced  by 
Al-Nd,  which  now  account  for  all  of  the  A1  centers,  as 
before  irradiation. 


ThX) 


Fig.  6.  Isochronal  plot  of  a  In  o  versus  tempera¬ 
ture  for  two  samples:  NO-Na  and  MQ-Li  swept,  a  In  o  is 
defined  by  Eg.  (9). 
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Fig.  7.  Isochronal  plot  similar  to  Fig.  6  for 
SO-A,  Na  swept  sample.  Also  shown  are  the  temperature 
ranges  of  three  annealing  stages  previously  reported.*’ 


The  comparison  of  these  stages  with  the  present 
annealing  curve  is  somewhat  inexact  because  of  differ¬ 
ences  in  the  type  of  irradiation  and  the  samples 
employed  by  ourselves  and  the  other  investigators.  A 
more  exact  comparison  has  been  made  in  this  laboratory 
between  the  conductivity  annealing  of  the  NQ-Na  and  NO¬ 
LI  samples  of  Fig.  6  and  the  annealing  out  of  the  low 
temperature  dielectric  peak  produced  by  irradiation.'^ 
While  this  dielectric  peak  has  been  attributed  to 
alkali  centers  rather  than  to  Al-h*,  we  have  recently 
shown  that  it  anneals  almost  precise^  together  with 
the  Al-h*  center,  i.e.  in  Stage  II.''  Comparison  of  the 
annealing  curves  of  the  low  temperature  dielectric 
peak'’  with  the  data  of  Fig.  5  shows  that  it  anneals 
precisely  in  the  range  in  which  a  In  o  is  close  to  its 
minimum  value.  In  other  words,  the  a  In  o  curves  are 
essentially  quiescent  when  the  important  Stage  II 
annealing  process  is  taking  place.  This  observation 
will  be  of  special  significance  to  the  discussion  of  the 
next  section. 

Discussion 

It  has  been  customary  to  regard  the  long-term 
radiation-induced  conductivity  (RIC)  as  due  to  ionic 
(alkali  ion)  carriers,  that  are  considerably  enhanced  in 
their  numbers  by  the  irradiation.  The  principal  argu¬ 
ment  for  this  viewpoint  is  the  high  anisotrtipy  of  the 
long-time  RIC,  fjvoring  the  direction  parallel  to  the 
crystal  c-axis.'^*'’  This  anisotropy  is  more  consistent 
with  freed  alkali  ions  running  along  c-axis  channels 
than  with  electrons  and/or  holes  in  energy  bands  of  the 
crystal.  The  present  work,  however,  has  yielded  a 
number  of  key  facts  that  are  difficult  to  explain  by  the 
ionic  mechanism.  These  facts  may  be  summarized  as 
follows: 

1)  The  magnitude  of  the  RIC  inmediately  after 
irradiation  is  not  diminished,  but  is  in  fact  increased, 
when  irradiation  is  carried  out  below  200  K  (where  other 
experiments  have  demonstrated  that  alkali  ions  are  not 
liberated  from  Al-M'f  centers).®*®  See  Fig.  3. 
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2)  The  magnitude  of  the  RIC  is  smallest  for  the 
cultured  crystal  (HA-A)  that  has  the  highest  A1  content. 
See  Table  III. 

3)  Immediately  after  low  temperature  irradiation 
an  activation  energy  E  =  0.28±0.02  eV  is  found  for  both 
Li-and  Na-swept  samples  (although  the  value  for  Na  is 
perhaps  consistently  slightly  lower  than  that  for  Li). 

See  Table  III. 

4)  Upon  annealing,  the  conductivity  shows  the 
overshoot  phenomenon,  falling  to  values  below  that  of 
the  unirradiated  crystal.  See  Fig.  5. 

5)  The  important  annealing  Stage  II  (where  Al-h* 
centers,  as  well  as  the  low-temperature  dielectric  peak 
attributed  to  alkali  centers,  disappear)  takes  place  in 
a  range  in  which  a  In  o  is  not  changing.  See  Fig.  6. 

As  already  mentioned,  these  facts  do  not  absolutely 
rule  out  an  ionic  mechanism,  but  one  must  invoke 
complexities  that  strain  the  model,  e.g.  the  existence 
of  a  variety  of  ill-defined  deep  traps  of  different 
depths  for  the  alkalis.  We  will  not  attempt  to  develop 
such  a  model  in  this  paper. 

On  the  other  hand,  if  we  were  to  postulate  an 
electronic  model,  specifically  claiming  that  low- 
mobility  electron  holes  dominate  the  long-term  conduc¬ 
tivity  after  irradiation,  then  most  of  the  above 
mentioned  facts  can  be  readily  explained.  It  Is  then 
reasonable  to  suppose  that  the  minimum  in  the  &  In  a 
curves  (Figs.  6  and  7)  represents  the  point  in  which  the 
dominance  of  hole  conductivity  ceases  and  ionic  conduc¬ 
tivity  begins  to  take  over.  The  minimum  is  not  then  a 
point  of  zero  change,  where  the  concentration  of 
carriers  remains  constant,  but  merely  the  sura  of  a 
sharply  decreasing  curve  for  the  conductivity  contrib¬ 
uted  by  holes  and  an  increasing  curve  for  that 
contributed  by  alkalis.  Item  5  above  is  then  no  longer 
a  problem.  As  for  items  1  and  2,  for  hole  dominated 
RIC,  the  largest  conductivities  should  indeed  arise  when 
the  fewest  Al-h*  centers  are  produced,  viz.,  when  T  is 
below  200  K  or  when  the  A1  content  is  relatively  low. 

In  terms  of  this  interpretation,  the  holes  must  be 
self  trapped  by  the  lattice  relaxations  and  therefore 
move  as  polarons.  The  initial  activation  energy  of 
0.20  eV  would  then  represent  the  activation  energy  for 
migration  of  these  holes  and,  of  course,  the  same  value 
should  then  be  obtained  for  Li-  as  for  Na-swept  crystals 
(item  3).  The  values  of  x^  in  the  last  column  of 
Table  III  then  represent  the  concentration  of  such  holes. 
Note  the  extremely  small  value  for  these  freely  migrat¬ 
ing  defects  (10'*  to  10'^  ppm). 

Two  questions  then  arise.  First,  is  there  any 
other  evidence  for  such  defects  in  quartz?  A  possible 
"yes"  answer  comes  from  work  on  ultraviolet  photo¬ 
electron  spectroscopy  in  amorphous  Si02,  which  makes  it 
possible  to  probe  the  structure  of  the  valence  band.‘® 

A  narrow  nonbonding  orbital  subband  is  found  near  the 
valence-band  edge  indicating  low  hole  mobility  with 
possible  lattice  trapping  of  these  holes.  It  is  also 
indicated  that  the  valence-band  structure  of  crystalline 
.i-quartz  should  be  similar.  The  second  question  is 
whether  such  polaron-like  holes  could  migrate  preferen¬ 
tially  along  the  c-axis,  in  order  to  account  for  the 
large  anisotropy.  This  question  is  unanswered  at 
present. 

Further  experiments  to  demonstrate  more  directly 
Whether  the  RIC  is  electronic  in  origin  are  desirable. 
Nevertheless,  at  this  stage,  the  explanation  of  the 
present  experiments  in  terms  of  electronic  defects  seems 
to  provide  the  most  reasonable  interpretation  for  the 
observations  reported  herein,  and  a  new  viewpoint 


concerning  radiation- induced  conductivity. 
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ABSTRACT 

A  review  is  presented  of  the  use  of  the  techniques  of  a.c.  impedance 
measurements,  dielectric  relaxation  and  anelastic  relaxation  to  study 
technologically  interesting  ceramic  materials.  Illustrations  are  given  of 
the  application  of  these  methods  to  the  study  of  solid  electrolytes  as 
well  as  quartz  crystals  used  for  frequency  control. 

INTRODUCTION 

Knowledge  of  rates  of  atom  movements  plays  an  important  role  in  the 
understanding  of  most  materials.  In  the  case  of  ceramic  (ionic)  materials, 
the  migrating  species  are  often  charged  ions,  and  then  their  migration 
rates  can  be  studied  by  electrical  means.  Such  studies  are  of  particular 
interest  in  the  case  of  materials  that  are  relatively  good  ionic  conduc¬ 
tors,  the  so-called  solid  electrolytes  or  "superionic  conductors"  which 
are  of  interest  as  electrolytes  for  solid-state  batteries  and  fuel  cells. 
Such  applications  are  of  sufficient  interest  that  in  recent  years  there 
has  been  an  outpouring  of  review  books  [1-3]  and  conferince  proceedings 
[4-7]  in  this  area.  Materials  studied  include  those  that  conduct  by  mi¬ 
gration  of  alkali  ions,  silver  ions,  protons,  oxygen  ions  and  fluorine 
ions,  among  others. 

The  present  paper  will  review  three  techniques  that  have  been  ac¬ 
tively  used  in  recent  years  in  the  author's  laboratory,  with  illustrations 
of  the  kind  of  information,  both  basic  and  applied,  derivable  from  them. 

The  techniques  are;  (1)  a.c.  impedance  measurement,  (2)  dielectric  relax¬ 
ation,  and  (3)  anelastic  relaxation.  We  will  see  that  valuable  informa¬ 
tion  about  technologically  important  systems  has  been  obtained  using 
these  techniques. 

A.C.  IMPEDANCE  MEASUREMENT  AND  ANALYSIS 

An  ideal  ionically  conducting  material  should  be  represented  elec¬ 
trically  as  a  capacitance  C  in  parallel  with  a  resistance  R,  the  former 
representing  the  dielectric  properties  of  the  medium  and  the  latter  its 
conduction.  Real  materials  are  not  so  simple,  however,  due  to  a  number  of 
complications.  First,  there  is  the  problem  of  introducing  and  discharging 
the  conducting  ionic  species  at  the  respective  electrodes.  Second,  one 
finds  another  effect,  loosely  called  the  "grain-boundary"  effect,  which  is 
due  to  blocking  of  carriers  at  internal  interfaces  within  the  electrolyte. 
As  a  result  of  these  factors  the  actual  equivalent  circuit  of  a  sample  can 
be  extremely  complex.  A  relatively  simple  representation  is  shown  in 


Fig.  la,  consisting  of  three  R-C  units  in  series  with  each  other,  one  rep¬ 
resenting  the  bulk  or  lattice  behavior,  another  the  grain-boundary  effect 
and  the  final  one,  the  electrode  effect.  In  order  to  study  such  an  equiv¬ 
alent  circuit,  a.c.  measurements  are  made  over  as  wide  a  frequency  range 
("frequency  window")  as  possible  (usually  1  Hz  to  10®  Hz).  The  sample  can 
then  be  represented  by  its  complex  admittance,  Y*  containing  both  real  and 
imaginary  parts  (representing  the  current  in-phase  with  and  90®  out-of¬ 
phase  with  the  applied  voltage).  One  may  write 

Y*  =  G(ui)  +  ia»c(a))  (1) 

where  G(u))  is  the  effective  conductance  and  C((jj)  the  capacitance  both,  in 
general,  functions  of  the  frequency.  We  may  also  introduce  the  reciprocal 
quantity,  Z*  =  1/Y*,  called  the  complex  impedance,  which  also  has  real  and 
imaginary  parts 

Z*  =  Z'((ij)  -  iZ"(a>)  (2) 


A  convenient  and  widely  used  analysis  is  the  complex  impedance  plot  in 
which  Z"  is  plotted  as  a  function  of  Z'  with  a)  as  parameter.  For  the  case 
of  the  equivalent  circuit  shown  in  Fig.  la,  such  a  plot  yields  three  semi¬ 
circular  arcs,  one  for  each  R-C  unit,  as  shown  in  Fig.  lb.  In  this  plot 
the  frequency  increases  as  we  go  from  right  to  left  (arc  1  to  arc  3).  In 
this  way,  it  becomes  possible  to  separate  out  the  true  lattice  conduction 
from  the  grain-boundary  and  electrode  phenomena,  and  to  study  each 
separately. 


Fig,  la.  Equivalent  circuit  repre¬ 
senting  lattice  (C),  grain  boundary 
(gb)  and  electrode  (e)  effects. 

Fig.  lb.  Schematic  diagram  of  com¬ 
plex  impedance  plot  corresponding 
to  circuit  of  part  (a).  Arrow 
indicates  direction  of  increasing 
frequency. 
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Fig.  2.-  Examples  of  complex 
Impedance  plots  for  Ce02:6X 
Y2O3  at  three  different  temper 
atures.  Arcs  are  labeled  to 
match  Fig.  lb.  From  Ref.  [8]. 
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Actually,  the  experimental  “frequency  window"  is  usually  not  wide 
enough  to  display  all  three  effects  at  any  one  temperature,  but  by  cover¬ 
ing  a  range  of  temperatures,  we  can  see  all  of  them.  Figure  2  shows  an 
example  for  the  case  of  doped  Ce02-  This  material  is  an  oxygen-ion 
conductor  through  the  migration  of  oxygen-ion  vacancies  which  are  intro¬ 
duced  into  the  lattice  as  charge  compensation  for  the  lower  valent  cation 
dopant.  Such  ionic  conductors  may  be  used  as  the  solid  electrolyte  in 
high- temperature  fuel  cells  or  in  oxygen  sensors.  From  Fig.  2,  we  see 
that  at  low  temperatures  (e.g.  178  “C)  arcs  2  and  3  appear  while  at  high 
temperatures  arcs  1  and  2  are  obtained.  Further  we  see  that  only  arc  1, 
the  electrode  arc,  has  a  strong  dependence  on  partial  pressure  of  oxygen 
of  the  ambient  gas.  These  results  show,  however,  that  the  behavior  is 
more  complex  than  that  predicted  from  the  schematic  diagram  of  Fig.  lb. 
Firstly,  the  arcs  are  not  full  semi-circles  but  are  somewhat  depressed  (as 
shown  by  the  sloping  lines  drawn  in  Fig.  2).  This  result  can  be  inter¬ 
preted  as  meaning  that  each  arc  corresponds  to  a  narrow  distribution  of 
R-C  circuit  elements  rather  than  to  single  values.  For  simplicity  we 
ignore  this  fact  for  the  present.  Secondly,  it  is  found  that  the  elec¬ 
trode  contribution  can  involve  more  than  a  single  arc.  This  will  be  dis¬ 
cussed  below.  Nevertheless,  the  model  of  Fig.  lb  can  serve  as  the  basis 
for  extracting  appropriate  parameters.  The  two  intersection  points  R,- 
and  ^22  clearly  related  to  the  equivalent-circuit  parameters  by  ^ 

*^23  (3) 

and 


^12  ~  *  %b 

so  that  R,2  -  ^23  9^''®^  '^ab*  these  resistances  can  be  converted 

into  a  conouctivTty,  o,  in°the  usual  way  by  the  relation 


a  =  d/AR 


(5) 


where  d  is  the  thickness  and  A  the  area  of  the  sample.  The  results  may 
then  be  plotted  on  a  conductivity  plot,  log  oT  vs.  1/T,  as  shown  in  Fig.  3. 
Here  the  lower  curve  (solid  triangles)  is  obtained  from  R.,  and  the  upper 
curve  (open  triangles)  from  R23.  In  addition,  results  of^Tour-probe  d.c. 
measurements,  which  are  plotted  as  open  circles,  show  excellent  agreement 
with  Rj2.  thus  firmly  establishing  that  both  arcs  2  and  3  are  due  to  the 
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Fig.  3.  Conductivity  plots  for  a 
Ce02:l%  Y2O3  sample.  Upper  curve, 
obtained  from  the  intersection  R23 
represents  the  lattice  conductivity. 
Lower  curve,  consisting  of  a.c. 
measurements  from  R12  intersection, 
as  well  as  d.c.  4-probe  data,  is 
dominated  by  the  grain-boundary 
effect.  From  Ref.  [9]. 
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electrolyte.  Both  curves  can  be  fitted  to  the  conventional  Arrhenius-type 
relation 

oT  =  B  exp  (-H/kT)  (6) 

in  which  H  is  the  activation  enthalpy. 

We  have  obtained  useful  information  from  each  of  the  three  arcs. 

From  arc  3  we  have  obtained  the  lattice  conductivity  as  a  function  of 
temperature,  composition  and  dopant  [9,10].  Considering  that  oxygen-ion 
vacancies  are  introduced  as  charge  compensation  for  the  dopant  ions,  one 
might  expect  a  monotonically  increasing  conductivity  as  the  dopant  concen¬ 
tration  increases.  It  is  found  instead  that  o  goes  through  a  sharp  maxi¬ 
mum  as  a  function  of  dopant  concentration  as  shown  for  Y2O3  dopant  in 
Fig.  4.  At  the  same  time,  the  activation  enthalpy  goes  through  a  minimum. 
These  results  show  that  strong  defect  interactions  suppress  the  conductiv¬ 
ity  beyond  a  concentration  of  4-6  mole  %  dopant.  The  study  of  defect 
interactions  in  systems  of  high  concentration  is  a  subject  of  great  inter¬ 
est  and  one  which  requires  further  study.  Similarly,  it  was  found  that 
for  different  trivalent  cation  dopants  of  the  same  composition,  the  high¬ 
est  conductivity  and  lowest  activation  enthalpy  H  occur  for  a  dopant  whose 
size  is  closest  to  that  of  the  host  cation  [10].  Such  a  result  means  that 
strain  energy  terms  play  an  important  role  in  determining  H,  a  result  that 
has  recently  been  verified  by  computer  simulation  calculations  [11].  From 
a  practical  viewpoint,  these  studies  show  how  best  to  optimize  the  lattice 
conductivity  with  respect  to  dopant  species  and  dopant  concentration. 
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In  most  applications  of  solid  electrolytes,  one  wishes  to  achieve  the 
maximum  possible  overall  d.c.  conductivity.  Accordingly  the  grain-boundary 
effect  cannot  be  ignored.  In  fact.  Fig.  3  shows  that  the  overall  conduc¬ 
tivity  can  be  as  much  as  lOOx  lower  than  the  lattice  conductivity  due  to 
the  grain-boundary  effect.  Similar  effects  are  prevalent  for  other  solid 
electrolytes,  e.g.  in  6-alumina  which  is  the  electrolyte  in  the  much  pub¬ 
licized  sodium-sulfur  battery  [12],  In  the  present  case,  particularly 
because  Hgb  »  (see  Fig.  3),  we  can  only  interpret  the  electrical 


Fig.  4.  Variation  of  conductivity 
a  (at  182  “C)  and  of  activation 
enthalpy  with  composition,  for 


Ce02  -  Y2O3  solid  solutions.  From 


Ref.  [9] 
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effects  in  terms  of  the  existence  of  a  continuous  (very  poorly  conducting) 
blocking  layer,  presumably  associated  with  grain  boundaries.  In  order  to 
verify  the  presence  of  such  a  layer  and  to  determine  its  origin,  we  exam¬ 
ined  thinned  (ion-milled)  samples  by  STEM  (scanning  transmission  electron 
microscopy)  in  combination  with  microanalysis  by  EDAX  (Energy  Dispersive 
X-ray  Microanalysis)  and  EELS  (Electron  Energy  Loss  Spectroscopy)  [13]. 

A  number  of  microstructural  features  were  observed  in  this  study,  but  the 
one  most  relevant  seemed  to  be  the  presence  of  "thick  boundaries",  as 
shown  in  Fig.  5,  i.e.  layers  of  ^500A  thickness  which  seem  to  be  contin¬ 
uous.  These  were  generally  found  to  be  an  amorphous  phase  which  had  Si  as 
its  major  cationic  constituent.  This  silica-type  phase  did  not  surround 
each  grain,  however,  but  appeared  around  a  small  agglomerate  of  grains. 

In  order  to  determine  whether  the  presence  of  Si  as  an  impurity  is  indeed 
responsible  for  the  grain-boundary  effect,  we  have  very  recently  succeeded 
in  preparing  doped  ceria  samples  from  starting  materials  that  were  essen¬ 
tially  silicon  free.  Our  measurements  show  that  in  such  a  material  the 
grain  boundary  effect  is  virtually  eliminated. 

The  remaining  arc  (arc  1  in  Figs,  lb  and  2)  is  that  due  to  electrode 
effects.  Actually  electrode  processes  are  very  complex  and  rarely  give 
rise  to  just  a  single  arc  [14].  For  the  case  of  oxygen-ion  conductors,  we 
have  carried  out  extensive  studies  with  porous  Pt-paste  electrodes  as  well 
as  a  variety  of  others  [15].  The  simplest  behavior  (i.e.,  a  single  de¬ 
pressed  arc)  was  observed  for  freshly  prepared  Pt-paste  electrodes  at  rel¬ 
atively  high  oxygen  partial  pressures.  With  the  aid  of  an  auxiliary  tech¬ 
nique,  called  the  current-interruption  method  [15],  it  was  possible  to 
show  that,  in  this  simplest  case,  the  electrode  process  is  controlled  by  a 
charge-transfer  mechanism,  in  which  an  adsorbed  oxygen  adatom  Ogd  under¬ 
goes  the  reaction 

“ad  *  2='  *  *0  •  *  ’ad 

where  Vg  and  are  lattice  oxygen  vacancy  and  vacant  adsorbed  site,  re¬ 
spectively.  The  cathodic  reaction  goes  from  left  to  right  and  the  anodic 


Fig.  5.  STEM 
microstructure  of  a 
sintered  Ce02:6% 
Gd203  sample  show¬ 
ing  "thick  bound¬ 
aries"  of  an 
amorphous  silica 
phase.  From  Ref. 
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in  reverse.  At  low  oxygen  pressures  or  when  the  electrode  has  aged  under 
high  temperature  or  high  current,  an  increase  in  Z"  on  the  low-frequency 
side  of  the  arc  takes  place.  This  is  related  to  a  transport  limited  pro¬ 
cess,  or  "concentration  polarization." 

DIELECTRIC  AND  ANELASTIC  RELAXATION 

Because  of  important  similarities  we  will  treat  these  two  techniques 
together.  In  both  cases  an  alternating  field  is  used,  electric  and  stress 
fields,  respectively.  We  measure  the  fractional  energy  loss  per  cycle  in 
the  form  of  the  quantity  tan  <S ,  where  5  is  the  angle  by  which  the  response 
(polarization  or  strain,  respectively)  lags  behind  the  applied  field.  In 
both  cases  the  simplest  behavior  takes  the  form  of  the  well-known  Debye 
peak  as  a  function  of  frequency: 

tan  6  =  A  •  (7) 

where  A  is  a  measure  of  the  strength  of  the  relaxation  process  and  t  is 
the  relaxation  time.  In  the^case  of  dielectric  or  anelastic  relaxations 
due  to  defect  pairs  (or  higher  clusters),  A  is  proportional  to  the  defect 
concentration  and  to  the  square  of  the  electric  or  elastic  dipole  strength 
of  the  defect,  respectively.  On  the  other  hand,  the  reciprocal  is 
related  to  the  frequency  of  the  controlling  ionic  migration  process  and  is 
therefore  thermally  activated: 

T-^  =  Vq  exp  (-H^/kT)  (8) 

where  is  the  activation  enthalpy  for  relaxation.  Because  of  Eqs.  (7) 
and  (8),  it  is  possible  to  observe  tan  6  either  as  a  peak  in  frequency  at 
constant  temperature  or  a  peak  in  temperature  at  constant  frequency.  For 
more  complex  processes,  tan  6  must  be  written  as  a  summation  over  expres¬ 
sions  of  the  type  Eq.(7),and  the  corresponding  peak  is  then  broader  than  a 
simple  Debye  peak  [16]. 

For  dielectric  relaxation  an  alternative  to  the  a.c.  tan  6  measurement 
is  available.  It  is  called  the  TSDC  (thermally  stimulated  depolarization 
current)  method  (also  known  as  ITC)  [17].  This  method  offers  an  extremely 
high  sensitivity  and  therefore  can  detect  the  reorientation,  under  elec¬ 
tric  field,  of  electric  dipoles  at  concentrations  as  low  as  1  ppm.  It  has 
been  applied  to  ceramics  of  the  type  already  discussed  [18],  but  for  lack 
of  space  we  will  not  be  able  to  cover  this  work  here. 


To  illustrate  the  use  of  these  relaxation  techniques  we  turn  instead 
to  a  different  problem,  that  of  the  frequency  instability  of  quartz  crys¬ 
tals.  It  is  well  known  that  a-quartz,  due  to  its  piezoelectric  property, 
can  be  fabricated  into  resonators  that  vibrate  at  a  fixed  frequency.  A 
common  application  is  to  control  time  pieces  (i.e.  watches).  But  applica¬ 
tions  of  such  resonators  to  controlling  satellites  and  guidance  systems 
demand  far  greater  frequency  stability,  often  to  as  much  as  1  part  in  10’ 
or  10“,  even  in  radiation  environments.  Frequency  instabilities  under 
irradiation  are  found  to  be  closely  linked  to  impurities  present  in  these 
crystals,  one  of  the  most  important  of  which  are  alkali  ions,  e.g.  Na***  or 
Li^  [19].  These  alkalis  are  present  in  the  crystal  as  compensation  for  the 
impurity  Al*+,  which  sits  on  Si'*'*’  site  and  is  deficient  one  positive  charge. 
In  recent  years,  techniques  have  been  developed  for  replacing  alkalis  by 
or  one  alkali  with  another  by  a  process  of  electrodiffusion  or 
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Fig.  6.  Effect  of 
electron  irradiation 
on  t)ie  room- tempera¬ 
ture  frequency  cliange, 
6f,  of  5  MHz  quartz- 
crystal  resonators. 
From  Ref.  [21]. 


"sweeping"  [20].  In  tliis  process  t)ie  crystal  is  treated  at  elevated  tem¬ 
perature  under  a  strong  d.c.  electric  field  in  an  appropriate  environment- 
Also,  methods  of  hydrothermal  growth  have  made  possible  the  production  of 
synthetic  quartz  crystals  that  are  often  far  lower  in  impurity  content 
than  natural  crystals.  Figure  6  shows  the  effect  of  electron  irradiation 
at  room  temperature  on  three  quartz  crystals,  a  synthetic  and  a  natural, 
both  as  grown,  and  on  the  same  synthetic  crystal  after  sweeping  to  replace 
alkali  ions  with  The  scale  of  frequency  changes  in  this  graph  is  very 
large  compared  to  the  best  present-day  requirements.  Nevertheless,  the 
figure  shows  that  H'*’  sweeping  greatly  reduces  the  frequency  change  that 
takes  place  under  irradiation.  Thus  we  see  that  alkalis  contribute  to  6f. 

One  reason  for  a  frequency  offset  at  room  temperature  can  be  the 
occurrence  of  an  anelastic  relaxation  peak  at  lower  temperatures.  The 


Fig.  7.  Anelastic  loss  (in¬ 
ternal  friction,  Q"^)  of  a  Na- 
doped  quartz  crystal  as  a  func¬ 
tion  of  temperature.  From 
Ref.  [20]. 


formal  theory  of  anelastlcity  [16]  shows  that  the  presence  of  an  anelastic 
peak  given  by  Eq.  (7)  produces  a  frequency  depression 


6f/f  =  -  A/2  (9) 

at  all  temperatures  above  the  peak,  where  df  Is  the  change  in  frequency 
relative  to  a  defect-free  crystal.  In  other  words,  to  understand  a  fre¬ 
quency  offset  at  room  temperature  requires  that  we  know  about  relaxation 
peaks  that  occur  below  room  temperature.  Such  peaks  are  indeed  prevalent. 
For  quartz  crystals  containing  Na"*",  a  prominent  pair  of  anelastic  peaks  is 
found  at  low  temperatures,  as  shown  in  Fig.  7.  A  comparable  pair  of  peaks 
is  ODserved  in  dielectric  relaxation  [22].  These  have  low  activation 
energies  (H^  =  0.05  and  0.14  eV,  respectively)  and  are  attributed  to  the 
Na"*"  being  bound  to  a  substitutional  Al*^,  with  the  Na'*'  residing  in  the  in¬ 
terstitial  channel.  No  such  peaks  due  to  Al-Li  pairs  have  been  found  in 
spite  of  a  careful  search  for  them  [23],  presumably  because  the  Li'*'  sits 
on  a  2-fold  axis  of  symmetry.  Irradiation  produces  important  changes  in 
these  defects.  Electron- hole  pairs  generated  serve  to  free  alkali  ions 
from  the  A1  and  to  create  Al-h  (aluminum-hole)  pairs  instead.  The  mi¬ 
gration  of  the  alkali  can  be  observed  as  conductivity  enhancement  immedi¬ 
ately  after  irradiation  [24].  It  is  not  yet  clear  which  defects  serve  as 
the  traps  at  which  the  alkali  ions  terminate,  but  such  trapping  sites  prob¬ 
ably  also  capture  one  or  more  electrons.  The  Al-Na  peaks  are  eliminated 
or  reduced  by  the  irradiation  and,  instead,  new  large  peaks  can  be  observed 
both  by  anelastic  and  dielectric  loss  measurements.  Figure  8  shows  such 
dielectric  loss  peaks  for  both  Na'*'-  and  Li"*"-  containing  crystals.  Similar 
anelastic  peaks  have  been  observed  [25].  It  is  not  yet  clear  as  to  whether 
these  peaks  are  due  to  Al-h  centers  or  to  alkali  centers  which  are  created 
-by  the  trapping  of  Li'*'  or  Na'*'  freed  by  the  irradiation.  Nevertheless, 


Fig.  8.  Dielectric  loss  of  Li- 
swept,  Na-swept  and  H-swept 
synthetic  quartz  following 
room- temperature  X-irradiation. 
From  Ref.  [24]. 


Eq.  (9)  shows  that  the  elimination  of  a  low- temperature  anelastic  relax¬ 
ation  peak  by  irradiation  results  in  an  increase  in  frequency,  while  the 
creation  of  a  new  peak  results  in  a  fr^uency  decrease.  Thus,  it  is  clear 
that  the  solution  to  questions  concerning  frequency  instabilities  at  room 
temperature  lies  in  a  better  understanding  of  these  low-temperature  relax¬ 
ation  phenomena. 

In  conclusion,  it  was  intended  to  show  how  the  methods  described 
herein  give  insight  into  ionic  migration  in  ceramic  materials.  These  meth 
ods  can  be  usefully  complemented  by  other  widely  used  techniques  such  as 
diffusion  and  NMR  measurements.  Together,  they  give  the  type  of  insight 
into  defect  migration  mechanisms  that  make  it  possible  to  eliminate  prac¬ 
tical  problems  or  to  determine  conditions  of  maximum  performance. 
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